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This investigaticn was undertaken to develop and apply nev measure-

ment téchniques for obtaining ihe small-signal and large-signal microwave
characteristics of ceramic nonlinear dielectrics. To this end, three
different studies were made. K

SA transmission method for measuring the smail-signal complei dielec~
tric constant was derived and is described in detail. Measurements were
made on representative ceramics in the X-band frequency range, and the
results are given as curves of the real part of the relative dielectric
constant and of the loss tengent as functions of temperature with de bias
levels up to 32 kv/ew.

An experimental curve of the relative dielectric constant of a

73% barium titanate-27% strontium titanate ceramic vas obtained for ke
frequency range of 3 to 270 kMc.p The millimeter wavelength charac-
transmission through a modified
lative dielectric constant

teristics were obtained by measuring ¢!
Fabry-Perot interfercmeter and show tnat th
remains at approximately 2000 up to 60 sMc, but &
increasing frequency to a value of 500 at 270 kMc.“WA curve showing the
per cent change of the relative dielectric constant over the temperature
range from 9561" to 125'%? (the Curie temperature is approximately 72°F)
was also obtained, The curve shows that this measure of the temperature
nonlinearity %m\m of 4P at 60 kMc but decreases rapidly with
increasing freguency to become zero at 150 kMc, thus indicating that .re
polarjzation mechanism giving rise to the peak of the dielectric constant
at @e Curie temperature undergees a relexation in this frequency interval.
The large-signal microwave characteristics of a nonlinear dielectric

.‘ix; decreases with

were measured at 3 kMc by using a re-entrant ccaxial cavity in waich a
cylindrical post of the ceramic was placed in the region of high electric
field intensity, An equivalent circuit for the cavity was derived, and
pover series expanzions were made for the large-cignal dielectric constant
and rf conductivity of the ceramic and ir~luded in the norlinear diifer-
ential equation describing the equivalent circuit, A condition on the
solution of the differential equation was obtained which describes the
response of the cavity to a constant level of incident power. The linear
terms in the differential equation were evaluated with small-signal
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meazopements, and curves of the larze-signal-resporse of the cevity weré
obtained as functions of frequency ‘and incident pover. The first-order
zonlinear terms in-the.expansions. for the large-cignal dielectric constant
and rf conductivity were evaluated by fitting theoretical curves calcul-
ated from the condition on the-solution of the differential equation to

the experimental curves of the cavity response. The resulting value of

the rf conductivity is 8.5 + (5.7 x 1072 £ 2.4 x 1022)E® nhos/meter and
that of the dielectric constant 1s ;12200 - (6.5 x 1072 ¢ 1.6 x 107 1)),
vhere E is the electric field intensity in volts/meter and € is the
dielectric zonstant of free space.
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CHAFTER I
INTRODUCIION

In the last few years iancreased interest hes focused on the use of
ferroelectrics in microwave devices. The fundamental characteristic of
a ferroelectric is that the curve of the materiel's polarization resulte
ing from the application of a low-frequency electric field has the shape
of a hysteresis loop. When a& ferroelectric crystal is Lheated through a
particular temperature, called the Curie temperature (or simply Tc),
the polarization will reach a sharp peak and then drop. Above 'J.'c the
material will no longer be ferroelectric; however it may exhibit non-
1inearity with vrespect to the applied electric field over a considaradle
temparature range. In addition, the rf losses in the material decregze
above T e * Ferroelectric ceramics display the same general character-
igtice but the Curie temperature is not so well defined, and the peak of
polarization at Tc 1s neither as high nor as sharp as that of the cor-
responding crystal.

It is this nonlinearity above ’I‘c , 1.e., the dielectric constant
being a function of the applied electric field strength, that is of
interest for microwave devices. Among the many possible small-signal
applications of nonlinear dielectrics are cavity tuning, phase shifting,
tunable filtering, and switching; and possible large-signal applications
include frequency multiplying and parametric amplifying.

“ne use of ceramic nonlinear dielectrics has several advantage: over
other presently available nonlinear elemente: the ceramics cen be cut or
ground to almost any desired shape, they require no bulky and expensive
biasing equipment since they are biased by electric fields, and their dc
resistance is typically 10:"2 ohm cmy80 that the current drain cu a bias
supply is small, They have high-power handling capabilities, can be
tuned rapidly, are isotropic when no biass is applied, and are reiitively
simple to make.

A% preseat there are several disad.antages. Most nonlinear ceramies
nov offered commercially have high dieiectric constants and relatively high
loss, Although a high dielectric constant is desireble for some appli-
cations, such as capacitor miniaturization, it is a decided disedvantage
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at microwave frequencies because of the difficulty met in netching into
and out of the materials and because an electrically large element will
usually be physically small and msy require precision fabrication. The
ceramics are temperature sensitive; hovever, often they can be manutac-
tured to have a high enough operating temperature so thet temperature
stabilization can be obtained with a simple thermoswitch and heating
element, Single crystals of s few ferroelectrics are available; but they
are difficult to grow, expensive, small in size, and strongly arisotropic
even without bias. They also have a higher dielectric constant than the
corresponding ceramic and are extremely temperature-sensitive.

There were three main ohjectives to this project:

(1) To develcp a technique for measuring the small-sigral complex
dielectric constant of low-loss, nonlinear, ceramic dielectrics; to obtain
curves of the dielectric constuat as a function of temperature and dc bies
in the 8 to 12 kMe frequency range; and to derive the expecied behavior
vwhen used in several devices.

(2) To measure the frequency variation of the small-signal dielec-
tric constant of a ceramic nonlinear dielectric at millimeter wavelengths,

(3) To develop a technique for measuring the large-signal behavior
of one of the ceramics used in the small-signal measurements, and to
obtain curves with which the expressions derived to describe the large-
signal behevior can be evaluated.

Each of the following three chapters in this report describes the
manner in which one of the above objectives was attained.

In Chepter II the derivation and use of a new type of transmission
measurement technique is described. This technique is particularly well
sulted for quickly measuring the small-signal complex dielectric constant
of high-permittivity ceramics. The measurement results IS several repre-
sentative materials are given in the form of curves of the real part of
the relative complex dielectric constant and the loss tangent as & function
of temperature and bias. The results for a ceramic of 73% barium titan-
ate-27% vorontlum titanate are used to predict theoretically ..e baunvior
of a phase shifter and a tuned cavity.

In Chapter III the measurements made at millimeter wavelengths are
reported and the results plotted as functions of frequency. One curve
gives the relative dielectric constant and a second shows the per cent

-2 -




change of the relative dielectric corstant in a stated temperature interval.
The frequency varied from approxizateiy 50 to 270 kMc.

In Chapter IV a new measurement technique is described for obtaining
the coefficients of Lhe two-power-sevies expansions used .to describe the
nonlinear behavior of & ceramic dielectric when subjected to large signals.
The measurcments were made with a coaxial re-entrant cavity that contained
a cylinder of the dielectric. The power-series expansions for the
nonlinear capacitance and the nonlinear conductance representing the di-
electric in a lumped equivelent circuit of the cavity are used in the
differential equation of the circuit, and a condition on the solution of
the differential equation ie derived. Curves of the response of the
cavity were obtained and are given as a function of the drive frequency
for varfous incident power levels. These curves were then used with the
condition on the solution of che differential equation to obtain the co-
efficients in the power-series expansions. The cavity and its design are
described as is the method used to fabricate the dielectric cylinders,

The derivations are, for the most part, given in the appendices.




CHAPTXR II
SMALL-SIGNAL MICROWAVE CHARACTERISTICS

A. INTRODUCTION

The design of smll-signal microwave devices employing a nonlinear
element is greatly facilitated by the use of curves that specify the
electrical characteristics of the element as a function of its design
parameters.

In the case of a ceramic nonlinear dielectric, the macroscopic small-
signal electrical characteristics can be described by the dielectric
constant, relating the electric flux density, 3 , and the electric field
intensity, B :

3se§-eoxﬁ, (1)

€ is the dielectric constant of free space,

x is the relative dielectric constant.

In general, ¢ can vary with both the megnitude and direction of the
electric field intensity vector. However, since the small-signal charac-
teristics were desired, the rf power levels used Zor the measurements
described in this chapter were sufficlently small (one milliwatt or less)
8o that BD/aB could not vary during sn rf cycle. In this chapter,
therefore, the value of € is considered to be a constant at any given
temperature and dc bias voltage. It is customary to include the effects
of the loss mechanisms in a material by defining the complex dielect.ic
constant

where

€=¢' - J¢" (2)
or the complex relative dielectric constant

AR (3)
The losses in a material can also be described by the loss tangent

tan b= &= - (»)

It is easily shown that €" , or tan 5 , corresponds to a Joss by using
Eq. (2) in the Maxwell curl equation,

Vxﬁ=g“—ﬁ-=%e§-,ju£§=(‘jw€' *cLE")E’ (Jue’ +°)§: (5)
-4




where £ 1s assumed to vary in tise as e"m ard
o 1is the dielectric conductivity;
hence,
o= uc" = we' tan 5 . (6)

The desired electrical characteristics of the ceramics are completely
specified by the real part of the relative dielectric constant, «' , and
the loss tangent, tan b .

The «' and tan & of these materials undergo radical changes with
variations of either the temperature or an epplied dc electric field;
hence de bias and temperature are the design parameters sought and should
be controlled in any measurement technique.

There are many methods available for measuring the dielectric con-
stant of materials at uwicrowe : i‘requencies.l'? However, since the
nonlinear ceramics present a large discontinuity to an impinging wave
because their relative dielectric constant is usually greater than 1000,
the standard techniques which involve a measurement of the standing wave
in front of a sample or the motion of a short ¢n the load side of a sample
are of little use.

One measurement method, deseribed by von Hippel,6 used by Jaynes
and Vnrenhorst,l and later adopted by other investigators ,5’ *9 {avolves
terminating a coaxial line witn a small piece of dielectric placed between
the end of the center conductor and a shorting plane. This geometry
terminates the line with a capacitive load and allows the dielectric
constant to be measured as a funciion of temperature and dc bias (applied
between the center conductor and the shorting plane), This method ine
volves obtaining the magnitude and phase of the impedance of the termira-
ting element by measuring the VSWR and the position of the minimum in the
line.

It vas felt that there were two basic difficulties with this type of
measurement. The first is that, as the frequency of measurement ucreases,
it becowes increasingly difficult to obtain the required ace acy and
virtually impossible to employ the methc:. at or above 8 kMc since the
measurement tolerances become impossibly small, The second is that most
of the materials change their characteristics when subjected to mechanical
stress, and such a stress can be appiied when the sapple 1s placed iu

-5-
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position for measurement. Furthermore, stresses can be ce% up vith}p the
ceramics efther in their manufacture or fabriéation. In any-case, the
result will be that the measured complex dieleetric constant will not
characterizé the unstressed material. A neasnrenent technique should be
able t0 show whether or not the material is anisotropic.

A trénsmission-type measurement was employed by Powles and .hekson2
in which a slab of dfelectric was placed across a waveguide with the
faces of the dielectric perpendicular to the axis of the guide. The
transmission through the sample was taken as a function of frequency.
As the frequency at which the sample was an integral multiple of half
wavelengths long was approeched, the transmission rose to a peak. This
behavior is analogous to that of the current flow through a lumped-element-
series resopant circuit vhen the frequency of the applied voltage approaches
the resonant frequency. The uielectric constant was determined from the
frequencies of two adjacent peaks of tranemission. They found, however,
that their experimental setup was unsuitable for measuring the real part
of the relative dielectric constent when greater than 200, and abandoned
this method in favor of another that involved .ne use of dielectric
matching sections and the measurement of front-face impedance.

Schmitt3 also used s waveguide transmission measurement method in
vhich & crystal was placed in back of the sample to measure the trans-
mitted power. The match of the crystal was controlled by an E-H tuner;
hence his measurements were made at a single frequency, 9.l kMc, and
involved changing the sample thickness to obtain the meximum of tre »-
mission. He also applied a dc voltage across the whole sample to obtain
the bias dependency of the complex dielectric constant.

Davis and Rubin messured (with a microwave bridge at 3.00 kMc) the
shift in phase of & wave traversing a sample of nonlinear dielectric
which filled the croes section of a 7/5" coaxial line. The shift in phese
and the attenuation through the sample yielded the complex dielec‘ric
constant, They applied bias between the inner and outer conductor of
the coaxinl line and cemented a quarter-wave watching secti.u of a linear
dielectric onto roth sides of the noniinear dielectric. This method
would be difficult to use at higher frequencies and would require fabri-
cating samples for each frequency.

-6 -




After.a.consideration of:the methods and:experiences:of .these Xuthors
and after preliminafy experimental investigations, it ves declded that s
nev-transmission<type wessurement tcchniqm -should . be ‘devised. The-sawple
gcometry employed would resemtle that used by Powles-and Jackson; that is,
the-sample of ceramic nonlinear diélectric would be placed across the guide
with no matching sections, The boundary value problem was solved to yield
the complex dielectric constant, end the dependent-variables.were tempera~
ture, dc bias, sample length, and frequency. The instrumentation allowed
a very sensitive measurement of transmission to be made wpen 8 matched
termiration was placed behind the sample., It was possible-to sweep the
frequency centinuously over a large range (for example, 8.0 to 10.0 kie).
The transmission through the sample was displayed on an oscilloscope as
a function of frequency so that a visual check could be maintained of the
sample's behavior with ct of temperature and blas. Any inhomo-
geneities in the sample due to stresses or other causes distorted the
transmission curve and could, therefore, be avoided. The measurement
method obtained all the needed date quickly and simply, and can be used
in any frequency range provided only that it is physically possible to
grind the samples to the size suitable for the waveguide used. All measure-
ments reported in this chapter were made in the frequency range of 7.6 to
12.4 kMe. The resulting curves of the complex dielectric constant were
then used to predict theoretically the operation of several devices.

This chapter is devoted to showing how these curves were obtained
and utilized.

B. BOUNDARY VALUE PROBIEM

The geometry employed is that of Fig. 1.
t 7777
« X ] Z/ ;1 é I? e «
° 4//1/10/% ° '

2 = 0 z=n zap+d

03 -

FIG. l--Schematic diagram of sample cont'iguration.
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The nonlibear dieleétric-entively.fills' the vaveguide:in-Region-IY and’
extends & length 4 in the longitulinal direction. In Regica II the
characteristic impedance, 2. , and the propagation coustant, T';-afe
both complex. Region III, an air-filled waveguide, fs terminated by a
matched load and therefore has no standing waves. In Region I, however,
there is both an incident wave and a wave reflected from the front.face
of the dielectric. Regions I and III have a real characteristic.imped-
ance, Zo » a8 well as a real propagation constant, B . Since the faces
of the dielectric are perpendicular tc the Jongitudinal axis of the wave-
guide, only the dominant mode should be excited. The wall losses in the
waveguide can be neglected when compared to those in the dielectric. The
boundary value problem can now be solved to give equations which will
yield the real part of the dielectric constant, «x' , and the loss tangent,
tan 5 , from the experimental data. The solution is carried out in
Appendix A and only the results of that solution are given here.

The equations derived in Appendix A for the determination of «'
and tan 5 are:

(A.26),
sinm%-ﬁ, n=1,2,3,k4..,
where ro = the frequency of a maxiuwum of transmission, T max

T/, = the frequency st T,./2
N TE
21 - (fc/r)all/2
¢ T E Yo
() se

me
4a' = gample thickness in cm
-9
fo’mc - fo X 10

fc = the cutoff frequency of the air.filled waveguide,
and (A.27),
(' )1/2 . dllzn
C,%Me

+ VHS + bg
2

)

and, (A.29),

exp{ (nn/2)tan 5] = B

2
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vhere G *“T7F

;21
B=73F
a/15n
F= .
( 1 /me)]J (]

The additional assumptions made in the solution of the toundary value
problem are

tan25 <<l

£, e, mzpe' >> (x/a)z R

where, in this case, a is the guidewidth. For the nonlinear ceramics
ed these ptions are all valid in the temperature range above

Te -

C. EXPFRIMENTAL MEASUREMENT TECHNIQUE

A block diagram of the instrumentation is given in Fig. 2, The
source can be either a mechanically swept klystron or a swept backward-
wave oscillator. The incident and transmitted power levels are sampled
by a 20 db and & 10 db multi-hole directional coupler reapectively. The
power in each coupler is rectified by one of a matched pair of broadband
crystals whose output voltages are fed to the ratiometer. From the
ratiometer, a direct reading of the transmission through the sample is
obtained as well as a voltage (proportional to the transmission) which
is fed to the y-axis of the oscilloscope. The swept oscillator supplies
a voltage (proportional to frequency) to the x-axis of vhe oscilloscope.
It is helpful if the cathode rey tube has a loug persistence screen. A
typical transmission curve as seen on the oscilloscope 1s shown i: Fig. 3.
The photograpt 48 made with two exposures; the peak of the tv'nsmission
curve moved to higher frequencies (i.e., to the left on the photograph)
vhen a dc¢ blas was applied, indicating a lowering of the dielectric con-
stant. In & like manner, the peaks of transmission will move across the
face of the oscilloscope toward the higher frequ.ncies when the tempera-
ture of the sample above Tc is increased. The trace allows a visual
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FIG. 3--Photograph of oscilloscope trace showing typical
transmission curves for 0.050" thick ceramic of
73k Be.T103-2?% SrTi03 . Frequency ranges from
7.9 kMc of the right to 12.4 kMc on the lett,

The temperature is 155°F. The curve shifts to
higher frequencies upon application of a 10 kv/cm
bias.
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check to be maintained while the date e:e being taien to assure that no
anomalous behavior is taking place in the sample; since--if for any
reason the dielectric constant 18 inhomogeneous across or through the
sample--the curve of transmission will be distorted, the data-taking

can then be stopped and the difficulty corrected. Inhomogeneities may
appear if the samples are wedged in the waveguide or if {nternal stresses
exist vithin a sample after it is fired and cut, in which case the sample
should be discarded.

It can now be seen that the needed data can be taken guickly and
easily. Before = run is made, the number, n , of half wavelengths in
the material must be determined at some temperature in the range of
interest. This cen.be done in two ways. The first method involves using
Eq. (A.Z5) and taking the "Q" of one peak of transmission, The tempera-
ture should be stabilized at some convenient point. The swept oscillator
is then set so that the frequency is that of & transmission maximum. The
value of the maximum is read from the previously calibrated ratiometer
and the frequency from the wavemeter. The frequency of the upper half-
power point, where the transmission is down 3 db, is then determined.
Since the sample thickness and the cutoff frequency of the waveguide are
known, the transcendental equation, Eq. (A.26), can now be solved for n .
There is, however, a simpler way to obtain n if two adjacent peaks of
transmission can be viewed at some one temperature, viz., Eq. (A.27) can
be solved for the n and (n + 1) of the two peaks which will yield
the same value of «x' :

(‘,)1/28 i 15n . '1§(n+12 , ™
d rO,kM(:(n) d fO,I'tMc(Ml)

where fo XMe(n) is the frequency in kilomegacycles of ihie zaximum at

E
the lower frequency and fo,ko(m-l) the frequency .Of the upper maximum,
On solving Eq. (7) for the ratio of n and (n + 1} , one finds

. ..r_oz.kﬁ(’_‘)__, (3)

nH 12y kMe(ntl)

It should be noted that the latter method for obtaining n assumes that
there is no change in «' in the frequency range between the two maxims.
Once the n has been obtained for a specific maximum, the n's for all
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other maxims can be determined simply by watching how the meaks move with
hanges in vemperature and blas. The oily data that are then peeded to
establish curves of x' and tan 3 are the fivquency and transaission
of the maxina. Equation (A.27) will yleld «' and Bq. (A.29) can be
solved for tan . . . .

Experience shoved that if the sample with its holder were heated
to the maximum desired temperature (for example, 270°F for 73% barium
titanate-27% strontium titanate) and then allowed to drift toward room
temperature, all the ds*n needed to plot the curves of x' and tan &
(vhen the bias was varied in steps between O and 32 kv/ci over the full
temperature range of the drift) could be taken in less than three hours.
The calculations to obtain the values of k' can be made quickly; how-
ever, 1t is a tedious, elthough straightforward and simple job, to cal-
culate the values of tan § .

D. SAMPLE GEOMETRY AND BIASING METHOD

The sample configuration and method of applying biass is shown in
Fig. 4. The sample fills 80% of the guide width; however as shown by
Schmitt” and verified experimentally, the perturbation by such & filling
factor to the fields in the djelectric is negligible. The experimental
verification will be described in Section F of this chapter.

The de bias is applied to the biasing electrode through a small
hole in the side of the waveguide without distorting the fields, The
electrode geometry is poor from the point of view of arc suppression,
and it was difficult to achieve biasing fields of even 10 kv/em when the
guide was filled with air. The introduction of nitrogen gas at gauge
pressures up to 60 lbs. per square inch helped a little to suppress the
corona and the ercing from the biasing electrode across the surface of
the dielectric to the waveguide. But the pressures necded to suppress
arcing were great enough to cause the dielectric constant through the
sample to be inhomogeneous; therefore, nitrogen could not be use( After
much experamentation sulfur hexafluoride gas, SF6 , wes used in the
vaveguide at one atmosphere pressure (i.e., zero gauge pressure). With
Sl~’6 it was possible to obtain biasing fields of 32 kv/cm without break-
dowr:. It should be noted that while SF6 is inert, it will breek down
into lower flucrides and free fluorine in the presence of an arc and that
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FIG. %4--Sample configuration.
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some of the breakdown products can hydrolize into hydrofluoric acid.
The amount of breakdown products forned is roughly proportional to the
amount of power dissipated in the arc. This means that there are two
safety precautions that should be tzken when SF6 is used in this typeé
of system. The de¢ blas supply should have a high interne) impedance so
that 1ittle power will be dissipated in an arc, and the waveguide com-
ponents should be set up in a fume hood so that both the equipment and
personnel will be protected in the event of breakdown.

To prevent arcing from the electrode to the side wall of the wave-
guide opposite the hole, a thin piece of teflon was placed between the
sample and the side of the waveguide. For the other side a flanged bush-
ing of teflon was made which was inserted through the hole from the
inside of the guide, The bushing was drilled to bring in the bias lead.

The sides of the samplu. which fitted against the waveguilc walls
and against the biasing electrode were coated with efther a brusied coat
of conducting paint or with a chemically deposited coat of metallic silver
upon which was electroformed a 0.0005" film of copper.

In order to insure the proper fit of sample pieces in the wavegulde,
the biasing electrode was made into a weak spring, The sample pleces,
when finished, were each approximately 0.002" less than half the y-
dimension of the vaveguide, The electrodes were cut from 0.001" spring
brass shim-stock and were slightly creased down their length (i.e., along
the x-axis of the waveguide). The electrode then became a spring which
would hold the samples firaly against the waveguide without wedgi.:. and
stressing the dielectric material.

All samples were cleaned prior to insertion in the sample holder,
They were first boiled in Versene for at least five minutes and then
rinsed in distilled water. They were then bo.led in distilled watar for
at least five minutes and,immediately upon being removed from the boil-
ing water, were plunged into acetcne. After being cleaned, the <owvles
were stored until used in a container with a dessicating agent,

Tre waveguide containing the sample was mounted in a . ..ck ol brass
around which was wound a lead-coverel neating cable, A thermoswitch and
thermometer were mounted in the dbrass dlock with their sensing areas
directly over that part of the guide containing the sample. A Variac
was ucad to centrol the current through the thermoswitch and heating

- 15 -
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cable, In this way the temperature could be controlled within +2°F.
Cooling of the sample wus accomplistec by packing the sample holder in
dry ice.

E. MEASUREMENT RESULTS

Curves of the real part of the relative dielectric constant, «x',
and loss tangent, tan & , are given as functions of temperature with
varying bias for five ceramics in Figs. S through 13. Alt the data for
these figures were taken in the {requency range of 7.6 to 12,k kMe.
Unfortunately, since all the ceramics were obtained commercially, it was
not possible to learn how they wer: fabricated or fired.

Figure 5 gives k' a5 a function of temperature for titanium dioxide,
710, . Although blasing fields were applied over the complete temperature
range from 250°Ir to -50°F, they had no apparent affect, The loss tangent
is s0 low that it is only pos ble to give an upper limit of 0.0015" at
7lt°F since the assumption that the wall losses in the waveguide cen be
neglected is probably no longer valid.

Figures 6 through O give x' and tan 8 for 73% barium titanate-
27% strontium titanate and x' and tan 8 for 50% barlum titanate-50%
strontium titanate respectively. The curves for ' ard tan § of the
two mixtures have approximately the same shapes and magnitudes; however,
the curves for the 50% BaTioO. -501a Sr‘l‘i03 ceramic are shifted downward in
temperature by epproximately 55°F from those of the 73% BBT103-27$ SrT10.
ceramic. The shift of 'rc to a lower temperature with the addition of
Sr:l‘io3 i well known; howev:r, the shift is only about one half that
measured by Davis and Rubin’ at 9.4 kMe, Their measwcements indicate a
Tc of approximately 70°F for 73% BeT103-27$ srnoa, which is in fair
agreement with the O bias curve of Fig. 6. However, a Tc of ~54°F wvms
measured by them for 50% :Bu'l‘103-50$ SrTiOB, while tha curve~ of Fig. 8
show a '1'e of about 0 to 10°F, indicating that the ceramic reprosented
by Figs. 8 and 9 may, in fact, have had some other ratio than the purported
50% BaT103-5o$ Sr’J.‘103.

Figures 10 snd 11 give x' and tan & , respectively, . a caramic
of 2% N1T103-72$ Bs’.l‘ioa-26$ SrTi0,. Th n.ckel additive served to reduce
k' and tan 3 somewhat while still allowing the dielectric to be non-
linear; however, it was found that arcing would occur across the surface
of this ceramic more easily than the others.
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Figures 12 and 13 give x' and tan § curves for a ceramic of
50% Ca'!'103-36$ MiOB-ll% S:‘I'103. The addition of a large smount of
Ca'l‘i03 greatly reduces «x' and alec tan & , yet the material is non-
linear. In addition, the change in x' and tan.3 with temperature in
the range where the material exhibits nonlinearity is fairly small. These
characteristics are very desirable from the point of view of device design,
and indicate that further inveﬁtications of this type of mixture may be
warranted. The one undesirable characteristic exhibited by the material
15 that a thermal hysteresis occurs for bias fields less than 16 kvfem,

F. ERROR ESTIMATION

If all the assumptions made in the solution of the boundary value
problem are valid for a given ceramic nonlinear dielectric and if the
equiptent is properly calibrat.l prior to taking data, then the major
source of measurement error probably occurs in reading the transmission
and temperature, However, the assumption that the fields in the dielec-
tric were not perturbed when the samples failed to fill the entire width
of the waveguide stould be checked. To this end a sample of 73§ BaTi0,-
27% S!‘I‘i03 was cut which would entirely fill the cross section of the
X-band waveguide in the sample holder; that is, referring to Fig. 1,
both a and b were unity. The sample had never been sudbjected to an
electric field.

L oo ik okl domedliond bkl pkend,
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FIG. lb--Diagram of sample configuration.
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‘Curves of the real part of the rélntive dielectric constant, x' , and
the maxizme of transmission were taken vith.the temperature ra.gging from
260°F to 130°F. The sample was then removed, cut to make the filling
factor, & , equal to 0.80, und reineerted. The real part of the relative
dielectric constent, x' , and the values of the transmission maxima vere
again determined over the same temperature range. Once more the sample
was removed and cut. In this case, however, tl;e sample was sawed in half
to make b equal to 0,96, The sample pieces were painted with conduct-
ing paint, reinserted with a copper strip filling the dimension =n ,

and measured as before, The sample was then subjected to a bias field
of 16 kv/cm. When the bias field had been removed, the samples were
again measured.

Aa attempt was made to meke all measurement runs in the same way.

In each case the sample and its holder were heated to 300°F and allowed
to drift toward room temperature. In each case the data were taken from
260°F to 130°F, and in each case except the last, where it was not taken
out of the guide prior to the run, the sample was cleaned.

The values of the transmission mexima agreed within the reading
error. All four curves of ' agreed within 1% and all data points fell
within 2§ of their curves, indicating that the application of a bias field
had no long-term effect upon the ceramic and that the sample geometry
employed did not add appreciable error to the measurements.

The muximum temperature gradient between the sample and the thermo-
meter was approximately 3°F. Since all the measurement runs were mede by
first heating the sample holder to the maximum, then allowing it to drift
to the low temperature, this error is a consistent one, The reading error
of the thermometer is estimated to be 0.2°F and the thermometer is guaren~
teed to be accurate within 1%.

The maximum total error in the values of the real part of the relative
dielectric constant, «' , is estimates to be 3%, while that of «e loss
tangent, tan & , is estimated to be £10%. These e&: ‘mates ar: made on
the basls of the scatter of the data, thc shift of the curves due to the
temperature gradient between the sample ard the thermometer, and the
reproducibility of the results,
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G. THEORETICAL APPLICATION GF MEASUREMENT RESULTS )
1. mcﬂig—mﬂ Cavity

*Yhe Tormula describing the bebavior of a cavity which is tuned elec-
tricslly by varying tie bias fieli across a nonlinear dielectric element
in the cavity is derived in Appendix B* and presénted in Eq. (B.10):

af 1 1 s
3 2Qtans € .
where €' 1s the real part of the complex dielectric constant,
€= g - Je" , -7
Ac' is the incremental change in €' occurring with an incre-
mental change in bias,
Q is the unloaded Q of the cavity when it contains the
dielectric,
4 is the resonant frequency of the cavity,
Af  is the resulting incremental change in the reconant fre-
quency of the cavity.

The assumptions made -in the derivation are that the wall losses in
the cavity can be neglected when compared to the losses in the dielectric
and that the loss tangent of the dielectric material is not much greater
than 0.1,

Figure 16 shows the expected change in the resonant frequency of a
cavity with changing bias for various values of Q tan & . From Eq. (B.10)
it is seen that for a given system a desirable operating point is found
when tan § is low and the nonlinearity is high. Therefore, an opera-
ting temperature of 120°F was chosen for the 3% Ba'l‘ioa-m Sz-l‘io3 ceramic
which was essumed to be the nonlinear element in the cavity of Fig. 16.
To facilitate the calculations for Fig. 16, the curves of «x' given in
Fig. 5 vere replotted in Fig. 15 to give «x' as a functlon of the dbias
field at various temperatures. When all the electrical energy is stored
in the dielectrie, Q tan & 1s equal to 1; hovever, if the cavity 14
designed to ctore some electrical energy outside the “Yelectricr @ {s
increased with a resultant increase in ¢ tan & . In the calculation of
the curves of Fig. 16 it was assumed that Q tan & is constant over the

*Credit for the derivation in Appendix B ls given to R. H. Pantell.
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bias range; but both Q and tan 5 will change with the application of
bias. The factor, Q tan & , will in general increase with increased
blas 50 that the curves drawn in Fig, 16 vill tend to flatten more.than
is shown. Obtaining the exact curves would require solving the boundary
value problem, and this can be quite difficult, For Qtan 8 = 4 , the
cavity Q will vary from epproximately 45 with no bias to 70 with a bias
of 32 kv/cm while tuning from 8.20 kMc to 8.99 kMe. Although these velues
of Q are low for many microwave applications (the Q 1is about 65 with
a 16 kv/m bias), such a cavity could be used to tune a reflex klystron by
coupling a cavity filled with dielectric into the re-entrant cavity.

2, Phase Shifter
The formu)s derived in Appendix C¥* describes the behavior of a phase
shif“er and is presented in Fq. (C.20):

1 P Ae'
29 = = lost =

’
2 tan & Pout €'

where €' is the reel part of the complex dielectric constant,
€=¢' - Je",
o’ is the incremental change in €' occurring with an
incremental change in blas,
tan 5 = €"/e' 1s the loss tangent,

Plost is the power lost in the device,
Pout is the power transmitted by the device,

a9 is the incremental phase shift resulting from the incre-
mental change in dielectric constant, ae' .

It is assumed in the derivation that the insertion loss of the device
is low, that tan 8 < 0.1 , that wall losses can be negle-ted, and that
reflection losses at the input can also be negleccted. As with the tuned
cavity, the point of operation should be characterized by a low ten &
and high nonlinearity. Figure 17 gives the expected phase shift of a
device whose incertion logs, sssumed constant, is Z db whe. .ue coramic
element of 73% Ba'l‘103-27$ Sr‘I‘iO3 is kepl at 120°F. The assumption that
the insertion loss will remain constant is not correct since both «x'

*The derivation in Appendix C is accredited to R. H. Pantell.
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and tan 8 will decrease with bias. The factor

Pyost

Pout tan 8

will decrease with increased bias; hence the curve shown in Fig. 17 will
flatten with bias., As before, to obtain the exact curve of phase shift,
it would be necessary to solve the boundary value protlem for the proposed
geometry, Figure 17 shows that, at most, the total expected phase shift
resulting from the appucation of 2 bias field of 32 kv/,cu\ '¢an be.expec-

\-r!

ted to be approximately 190 -

3. Conclusions v 5

The operating characteristics of an X-bend phase shifter and an |, - )
electrically tuned cavity ha.. been predicted when a nonlineawcemmlc
element of 73% BuTi03-27$ smoB 1s employed at 120°F. Neither device
has been built or tested in this part of the study of nonlinear dielec-
trics.

As yet, most nonlinear dielectrics are quite lossy, and hence the
insertion losses of these devices are high as compared to devices using
other types of elements. For example, Reggia and Spencerlo rave found
that & phase shifter utilizing a ferrite rod in the middle of an X-band
waveguide will give up to 300° phase shift per inch of rod with an inser-
tion loss of only 0.2 db., A fast reflection-type phase shifter employing
a variable capacitance diode has been built and reported by Hardin, “cwney,
and Munushiann which will give 1° phase shift at 9 kMc, with an iuser-
tion loss of 3.9 db, The operating characteristics of this device are
reported to be much better at lower frequencies. A ferrcelectric device
might give up t¢ 190° phase shift with an insertion losc ¢f 2 db and can
be expected to have relatively high-power-handling capebilities ss well
as to be fast.

It appears that more work on designing devices employing eiements of
nonlinezr dielectric is warranted, This is particu.arly s¢ .. noulinear
ceramics are developed which have lower ivsses.




CHAPTER III
SMALL-SIGNAL CHARACIERISTICS AT MILLIMETER WAVELENGTHS

A, INTRODUCTION

Virtually nothing is known of the electrical behavior of ferroelec-
tric titanates at frequencies greater than 25 kMc. Presumably this is
because there are very few rf generators available which are capable of
producing a range of millimeter waves at power levels sufficient to make
such measurements. However, such an rf generator, an electron accelerator
with a magnetic undulator, ic available at the Microwave Laboratory. This
chapter describes how the output of the undulator was used to obtain a
curve of the relative dielectric constant of a titanate ceramic with
frequency ranging from approxim 'ely 60 to 270 kMc. It was believed that
this curve might serve two purposes. '

First, some physical insight into the mechanism of the nonlinearity
might be obtained. An investigation with this objective would probably
be more profitsble if it were made on a single crystal of the ferrcelectric
since the structure of such crystals is relatively uncomplicated when com-
pared to that of the corresponding polycrystalline ceramic, However,
single crystals were not aveilable and the proposed measurement technique re-
quired a three-inch square sample--much greater than the largest titanate
crystals. Therefore, a ceramic was used.

Second, the curve would indicate the frequency range over which the
nonlinearity could be utilized in the design of microwave devices. This
would be particularly so if the curve were established for a ceramic whose
small-signal and large-signal properties had already been obtained in the
work described in Chapter II and Chapter IV. Therefore, the polycrysiale
line ceramic 73% BaTiOB-Z'H» Srﬂf,‘i.o3 was used, and as described ir Cnapter IV,
the measurements were made at approximately 125°F.

In order to obtain the temperature dependency of the relative .iclec-
tric constant at tne frequencies above 50 kMc, additic 3l valus were
taken at lower temperatures, However, ~voi. these lover tamperatures wers
above the maximum of the curve of «x' versus temperature (see Fig. o)
corresponding to the Curie temperature of a crystal,
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B. INSTRUMENTATION AND MEASUREMENT M%IHOD

1. Undulator aad Interferometer Description
Detailed descriptions of ths design and operation of the electron

accelerator and megnetic undulator are given by Millerxe and Szeutae.:"3

The X-band linear accelerator operates at 9.2688 kMc using a 3.5 Mev
electron beam. The beam is then introduced into the magnetic undulator
which has a transverse dc magnetic-field configuration that is periodic
along the electron path. This configuration produces a periodic trans-
verse motion of the beam which results in radiation from the beam. Since
the beam initially contains pulsed rf current at the accelerator frequency,
the current in the undulator is rich in the harmonics of the fundamental.
The undulator spucing and the electron velocity determine the band of
harmenics which will be gener ed. A monochromatic plane wave is then
obtained with an echellette grating spectrometer and directed through a
modified Fabry-Perot interferometer to measure the relative dielectric
constant of the nonlinear ceramic. Figure 18 is a photograph of the
instruzentation used in the measurements. The rf wave from the undulator
enters from the lower left in Fig. 18, is filtered by the two gratings
of the spectrometer, launched through the interferometer shown in the
center of the picture, and finally focused on the pickup horn by the para-
bola shown on the far right and absorbed by the barretter. The dc bias
supply for the barretter and the signal pre-amplifier are shown at lower
right. The cover which encloses the interferometer and with which the
temperature is controlled is shown at the top of Fig. 18. The rf windows
in the cover are polystyrene foam, while the heating element inside is a
leed-sheathed cable, part of which shows the demountable end.

The interferometer is made up of two 3" ¥ 3" reflectors, one station-
ary and one movable, and a lucite coupler placed at h5° t0 the reflectors
and the rf vave as shown in Fig. 19. The movable aluminum reflector is
driven by a micremeter drive, and its position measured by the dia. indi-
cator to an acc.uacy of $0.0002", The stationary re “ector ! cemnvable,
The relative dielectric constant was miac.ced by looking at the trans-
mission through the interferometer, as a function of the distance between
the two reflectors, first with a stationary reflector of aluminum and then
with a stationary reflector of the nonlinear ceramic., The temperature of
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FIG. 18--Photograph of apparatus used to measure the dielectric
constant at millimeter wevelengths.
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FIG. 19--Schematic diagram of interferometer.
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the dielectric was measurcd by inserting a thermometer through the hole

in the top of the cover into a hole drilled into the aluminum block that
mounts the dielectric reflector. The temperature of the aluminum reflec-
tor shown below the cover in Fig. 18 was monitored in the same way in order
that, when the temperature was meintaired at the same level in both measure-
nents, negligible error would be introduced by the thermal expansion or
contraction of the interferometer.

2, Measurement Method

A schemetic drawing of the interferometer is shown in Fig. 19. The
monochromatic plane wave enters the interferometer at 1 and leaves at 2.
Part of the wave is reflected by the lucite coupler onto the movable re-
flector at 4, whose it is re-reflected through the coupler to the station-
ary rellector at 3. When the fpacing, L , between the reflectors is
approximately an integral number of half wavelengths, m/z , the inter-
ferometer is a resonant cavity whose Q is determined by the degree to
which the reflectors are misaligned, reflection losses off the lucite
coupler, power absorption in the air, and power absorbed by the reflec-
tors. The term “approximately” ma/2 is used since the reflection co-
efficient of a reflector may not be real, in which case the reflector
will introduce phase shift,

Tigure 20 shows the variation of the power received at 2 as a func-
tion of the distance L . Expressions have been derived in Appendix D
giving the index of refraction, n , of the dielectric as a function of
the width and depth of rescnance dip in the transmission curve with the
aluminum stationary reflector and the depth of the dip with the dielec-
tric reflector. The derivation is R. M. Miller's, The results of the
derlvation are (D.55)

1 1-D
no -~ 1

Yo by -4

vhere n is *xe index of refraction,
the unit subseript indicates ti»t the stationary refl-<ctor is
dielectric,
the zero subscript indicates that the stationary reflector is
aluminum,
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FIG. 20--Power transmltted by interferometer as a function
of the distance, L , between mirrors.
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vhere dl = m when the dielectric stationary reflector is used,
do = T i n T max when the aluminum stationary reflector is used,
8, = the width of the dip when the transmission s (T, + T2
and the aluminum stationary reflector is used,
n for Eq. (D.54) is obtained with Eq. (10).
The assumptions made in the derivation are that the reflection coefficient
of the aluminum reflectors is unity, and that the losses suffered by a
wvave in a single traverse between the reflectors are the same when L
is set for the minimum of t:ansmission, Ln , and when L is set for the
maximum of transmission. It is also assumed that the index of refraction
of the dielectric reflector is high and that the electrical thickness of
the dielectric is infinite. Any change with frequency in the dielectric
loss of air will not affect the measurements since this attenuation is
taken into account in the derivation given in Appendix D.

The pulse from the pre-awplifier shown in Fig., 18 is placed on the
horizontal axis of an oscilloscope while a sawtooth voltage is placed on
the vertical axis. In this way the full 10 cm on the screen can be util-
ized to read the magnitude of the transmitted signal., 3he movable rellec-
tor is set with the micrometer drive to give a minimum signal on the scope
face and its position noted. The magnitude of the signal is alsc wead.
The movable reflector is then set to give a maxiwum of transmission and
the magnitude of the signal again read. If the stai.onary ieflector is

the one of aluminum, do is

+3

4, = |8 (9

max

-3
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The velue of 5, can nov be cbtained directly from the dial indicstor
readings when the magnitude of the transmitted signal is sev at
(Toay *+ 7, m)/a s shown in Fig. 20. The term Q, is obtained in the
same way as do except that the dielectric reflector is used. The wave-
length is easily determined by reading the distance on the dial indicator
between two minima spaced several half-wavelengths apart.

wWhen the stationary reflector is aluminum, the Q of the system is
usually high and the dip width in redians, 6, , smell. Iif, in addition,
n is high, Eq. (D.49) reduces to

. l1-4d
n:—.—l-< LS I (10)

n&o dl - do

Before this more appropriate equation is used, however, vo and Dl
should be evaluated in any given measurement to test its validity.
According to von Hippel,l the relation between the index of refrac-

tion and the dielectric constant is given for a lossy medium by

LY e | a

Even if tan 5 = 0.5 , Eq. (11) reduces to

k' 2n", (12)
with an error in the real part of the relative dielectric constant, «',
of less than 6%,

An expression for the loss tangent, tan & , is derived in Appeniix D
and is (D.63):

tan 3 x 2n (-2-"%1‘) »

where AL is the distance between the minimum position with the aluminum
stationary reflector and that with the dielectric stationary refle~tor,

C. RESULTS

At rirst, atteupts were made to obt~in «xk' a8 o« continuous function
of temperature at a given frequency by heating the interferometer to
approximately 125°F and then allowing it to drift slowly toward room
temperature. Two thermal drifts were required at each frequency: one
with the dielectric reflector, and one with the aluminum reflecter. The
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accelerator ard undulator required th: frequent tuning of many inter-
dependent adjustments in order to have suitable signal stability and to
keep the output level high enough for accurate.readings. But approxi-
mately 5 hours of measurement were needed for each curve of x«' . Usually
the results of these measurement runs would have to be discarded because
the curves of dl and do were not smooth and continuous. In a few
cases discontinuous Jumps occurred in the curves. Although the cause of
the anomalies was never satisfactorily determined, presumably the diffi-
culty stemmed from the need to tune the machine frequently--perhaps a
change in the power level of the harmonics adjacent to the one being used.
It vas felt that the difficulty did not originate in the interferometer.
In spite of this zaomalous behavior, two continuous curves of «x' were
obtained: one at 55.8 kMc and rne at 148.5 kMc. Although these curves
would accurately display the temperature dependency of «' , the magnitude
of ' at 55.8 kMc did not reproduce when later checked by constant
temperature measurements.

Because of the difficulty experienced with continuous runs, it was
decided that single values of «' should be quickly obtained with the
temperature of the interferometer stabilized, and that two groups of
values should be determined at widely separated temperatures to show the
temperature dependency of x' . In addition, a second grating was added
to the spectrometer to further suppress sdjacent harmonics. The machine
was not tuned during a measurement run. In a given run, 10 values each
of do , 60 s and dl were obtained at the stable temperature and were
averaged to compute one value of «' . This process was then immediately
repeated to obtain & second value, and 8o on.

As can be seen from Eq., (D.49) or Eq. (10), a small difference tetween
two relatively large numbers, i.e, (dl - do), must be taken and squarea
to obtain k' . It was found that the greatest error was introduced by
th!s factor which wes critically dependent on +he manner in which «.e
stationary reflectcr was secured. This experimental errcr was ‘uch greater
than that calculated from the scatter of Jhe individual data points and
that arising out of the assumptions made in the derivation. It is esti-
mated that when the greatest possible carc is exercised in the placement
of the stationary reflector, the values of n are accurate within £5%;
hence the values of x' are accurate within +10%.
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The results of ‘the measurements of «' are shown in Fig., 21, The
points at 8 and 10 kMe were obtained in the measurements reported in
Chepter II and the point at 2,72 kMc was obtained from the measurements
reporced in Chapter IV.

Figure 22 shows the perceant change in x' with a temperature change
from 123°F to 95°F. The points at 55.8 and 148.5 kMc were taken from the
continuous curves described in the first part of this section. However,
the points at 102.1 and 269 kMc were obtained from data taken at 123°F
and 83°F. For the point shown at 102,1 kMc, the greater temperature
interval resulted in the x' taken at 83°F falling outside the £10% error
in the value of x' at 123°F. The percent change was then scaled to the
temparature interval used in Fig. 22. For the point shown at 269 kMe,
the use of the greater temperature interval indicated that the percent
change was less than 7% over the smaller temperature interval of Fig. 22.

Unless the loss tangent were very large (i.e., on the order of unity),
it can be shown that there is little chance of obtaining its value with
this measurement technique. Equation (D.57) can be used with Fig. 21 to
estimate the distance AL that must be measured to obtain tan 5 . By
rearranging Eq. (D.57), this distance is given by

ALz 2 (13)

If it is assumed that tan & = 0.5 and that the frequency is 55.8 kMc
(the largest value of A/n occurs here), then Eq. (13) yields

AL &« 0,0002" , (14)

but this is'within the experimental error of 10,0002" experienced in
determining the distance, L , between the two reflectors. Al no time
did the data indicate.a loss tangent as large &s unity.

The curve of Fig. 21 shows &' falling rapidly as the freguency of
the applied field increases above 50 kMc; and it therefore indica'ss that
the mechanism giving rise to the high dielectr!: constant above the Curie
teuperature at lower frequencies undergres a relaxs ion in une frequency
interval from 50 tc 100 kMc. The decrease in «x' shown in Fig. 21 could
possibly be due to an electrical resonance within the individual crystal-
lites of the ceramic. A piece of the ceramic was crushed and viewea with
a microscope at 100x magnification. The largest dimension of all tic
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crystallites observed was less than 0,0005" and the distance between the
crystallites appeared to be immeasurably smell at this magnificavioan.
The lowest frequency at which a crystallite could resonate electrically
would be that at which its major dimession was a half wavelength; hence,
the resonance frequency would be
c c
T e ] (15)
ho 2"’
where ¢ = velocity of light in air,
S

0
d = major dimension of the crystallite,

= freespace wavelength,

&' = real part of the complex relative dielectric ccnstant,

If a crystallite had a major dimension of 0.0005" and if its relative
dielectric constant were 102‘,,' then from Eq. (15) its resonant frequency
could be no lower than f = 118 kMc ; hence, the indication is that the
observed decrease in &' cannot be attributed to electrical resonances
in the crystallites. This indication is further strengthened by the
curve of Fig. 22 which shows that the variation of «' with temperature
disappears at 150 kMc, As previously mentioned, the temperature interval
used for Fig., 22 is that from 123°F to 95°F; however, the point at 269 kMc v
was taken with an even larger temperature range to intensify any variation N
of x' with temperature that might be present. No such variation was
found; hence, it is probable that & Curie temperature cannot be seen
above 200 kMe.

Figures 21 and 22 do indicate, however, that the nonlinear proper-
ties of the measured cerasmic can probably be utilized in device work at
frequencies up to 50 kMe. The change in dielectric constant in the
frequency interval from 50 to 100 kMc could be utilized for filter design.
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CHAPIER IV
IARGE-SIGNAL MICROWAVE CHARACTERISTICS

A. INTRODUCTION

The design of large-signal microwave devices employing nonlinear
dielectric elements requires expressions that will describe the macro-
scopic electrical dehavior of the dielectric when subjected to high-rf-
field intensities, To obtain these expressions a new method has been
evolved to measure the large-signal electrical characteristics of a non-
linear dielectric ceramic. The derivation and use of this technique is
aescribed in this chapter.

The measurenents must necessarily be made with some sort of microwave
circuit that uses distributed lements; however, & nonlinear mathematical
analysis 1s much more easily performed on a circuit containing lumped
elements. For this reason, 1t was decided that the microwave circuit
should be that of a coaxial re-entrant cavity in which the nonlinear
dielectric is placed in the region of high-electric-field intensity. This
type of cavity can be easily and accurately represented by an equivalent
circuit whose behavior can then be investigated by lumped-element non-
linear analysis.

If the magnitude of the electric-flux density vector, i) s in the
dielectric element were plotted as a function of the magnitude of the
electric-field intensity vector, E , the slope would decrease with in-
creasing field intensity. That is, what was the real part of a complex
dielectric constant, €' , in the linear small-signal analysis is now a
function of the applied electric field, or

D=c(EE. {16)

The value of ¢'(E) depends upon the magnitude, and not the direction,
of the electric fleld, since the ceramics, unlike the single crys:.ls,
are isotropic. In this analysis, €'(E) is expanded as a powrr serles
in E which is then used to describe th. variation .f the capacitance
of the element in the cavity and the corresponding nonlinear capacitor
in the lumped equivalent circuit, In like manner, a power-series expan-
sion is made for the dielectric conductivity of the ceramic, o(E) , and
used in the expression for the nonlinear conductance in the equivalent
circuit.
- b7 -




A condition on the solution of the differential equation of the
equivalent circuit is obtained vhich could yleld curves of the magnitude
of the fundamental frequency response of the cavity as a function of the
drive frequency at a constent-incident power level. But since it is the
determination of the coefficients in ihe power-series expansions that is
of interest, curves of the response of the cavity to 2 known level of
incident power are experimentally cbtained as a function of frequency
and used with the condition on the differential equation to determine
the desired coefficients. In this way the electrical behavior of the
nonlinear ceramics is measured and the expressions necessary for the
design of large-signal devices are obtained.

B. CAVITY GEOMETRY AND EQIVALENT CIRCUIT

A cross section of the c.uxial cavity is shown in Fig., 23. The
nonlinear dielectric element is a right-circular cylinder of ceramic
having length, 4, and radius, a . This dielectric post is located
in the region of maximum electric field between the end of the center
conductor of the coaxial transmission line and the upper shorting plane
in Pig. 23. The trensmission line below plane k-k 1s much less than
8 quarter wavelength long, and can, therefore, be considered an inductance
at plane k-k whose value is independent of field strength and which

Dielectric
Post

Input g__7_ Output

%

FIG. 23--Schematic cicss section of coaxial cavity.
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resonates with the nonlinear capacitance above plane k-k . The losses
in the cavity can be repr ted by two duct. located at plane
k<k : a linear one representing the wall losses in the cavity and a non-
linear one representing the losses in the dielectric. Power is introduced
into the cavity through a coupling loop located in the region of maximum
magnetic field. The response of the cavity is sampled with another loop
placed opposite the input loop.

The lumped element equivalent circuit is shown in Fig. 2b.

_ n:l lim -
i < :; < -\ _l_ 1 T S
i Wwe 62 G jE Lo G v-co—l— v v, Y=
Tl '1'2

FIG. 24--Equivalent circuit of coaxial cavity.

For Fig. 2L,

16 i1s a constant current generator corresponding, as shown
later, to constant power incident on the cavity,
is the internal admittance of the generator 16 and the
load admittance at the output of the cavity,
Tl and '1’2 are ideal transformers representing the input ard

%

vutput coupling loopssy ‘1‘1 has a turns ratio n:l and
'I'2 has a turns ratio l:im,

0(') represents the wull lossee in the cavity,

co rcersents the capacitance between the end of thr center
conducvor and the upper shurting plane but does not include
that of the dielectric,

(}(1 represents the nonlinear loss in the dielectric element,

Cd represents the nonlinear caracitance of the dielectric
elenent,
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L is the inductance of the shorted trancmission line when

viewed from plane k-k ,
v 18 the voltage across the nonlinear dielectric element,
v, is the voltage across the output load, Yo .
The validity of the equivalent circuit shown in Fig. 2k rests upon the
extent to which the elements vary with frequency. Since the length of
the transmission line below plane k-k 1s much less than a quarter wvave-
length, its reactance is inductive over the entire frequency raﬁge of the
meesurements. The capacitance, co , of the geometry at the erd of the
center conductor without the djelectric post will be calculated with a
formula whose validity over the frequency range of interest has been
checked and verified. The conductance, Go , wil) be neglected since
the wall losses in the cavity are much less than the losses in the di-
electric. Since all the dimensions of the dielectric post are much less
than & wavelength, the Yoss and capacitance of the post can be accurately
ranresented by Gd and cd over the entire frequency range used. It is
felt that the major source of error rises cut of the uncertainty involved
in calculating the inductive reactance of the trensmission line; that is,
should L bYe calculated at the plane k-k or the shorting plane above
k-k , or somewhere between the two? However, the distance beuween the
two planes is less than one-tenth the length of the transmission line;
hence the error introduced is probably negligidle.

The circuit of Fig. 24 can be reduced to that of Fig. 25.

isoj iG ﬂ
G

sl oF

kR Ty % Y _f

e =

LN
H

AAAALY

FIG. 25~-Equivalent circuit of the ~omxial cavity with the
generator and load reflected into the cavity.




For Fig. 25,
Gd ; L, c,l . cc , and v are as previously defined,
10 = n16 s
Go = G(') + neYo + "‘%’o
The nonlinear cornductance, Gd , in the equivalent circuit repre-
sents the rf conductance of the nonlinear dielectric post ana is & func-
tion of the voltage, v , across the post. Let Gd be defined by

Gy = Gd(v) = ﬂi)ﬁ E Z snvn , (a7)

n even

where o{v) is the rf dielectric conductivity of the ceramic,
A ig the cross sectional area of the post = xaa , when
& 1s the radius,
1 15 the length of the post.
The summation {s over the even values of n since the conductivity of
the dielectric is indepondent of the direction of the electric field
intensily vector in the ceramic.

The capacitence, Cd , in the equivalent circuit represents the
capacitence of the dielectric post in the cavity and, like the conductance,
Gd s can be expressed as a power series in v . If qd(v) is the charge
bound at one end of the dielectric post by the polarization within the
dielectric and ¢'(v) is ac defined for Eq. (16) when v = EL, then
Eq. (16) can Ye rewritten as

D-ﬁ(—‘ﬂ-e'(v)z. (18)
A 1
With the use of Eq. (16), qd(v) can be defined as a power series in v :

qd(v) = ¢'(v) %v - Z bmvm"'l = cd(v)v . (19)

m even

Here, tco, “he .ummation 1s over even integers since the vV of ¢'(v)
is independent of the direction of the el:rctric fieud intensity vector.

The problem can now be simply stated as that of determining 8,
and bm .
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C. SOLUTION OF DIFFERENTIAL EQUATION »

K8

The input current, i, , in Fig. 25 is the sum of the,cuhri-e{nts m -

the individual elements, i.e., vz
L
YA -
fosdgotigatipticatice: «. ()
Equation (20) can be put in the differential form
1.aleovsed (v) + v+G(v)v+-}=‘/-vdt (21)
o*T:oh' T % G+ Gy 5 .

Since the dc terms are not of interest, Eq. (21) can e differentiated with
respect to time. Upon performing the differentiation, using Egs. (17)
and (19), and terminating the series vhen n=m = 4 , Eq. {21) becomes

2 2
ai v dv
0. T 2 ) s
;t— = I-(bo + co) + 3b2V + 5“0‘, ] E’ + (6b2V + mbuva)(;)
2 I v 1
+ [(ao +G°) + 3,0 + 5"‘&"] —+=v. (22)
at L

Equation {22) i{s the desired basic differential equation that describes
the behavior of resonant cavity.

Several methods are availnble for investigating Eq. (22).%%
The method used in this analysis is an iterative procedure similar to
Duffing's method, which is due to Stoker.:L7 It is reacorable t0 make the
a-priori assumption that the nonlinearity is small, i.e., bo >> ba >> b_,’_
and L > ay > a, s hence the fundamental component of the response
will be much larger than the harmonic components, A periodic solution
is sought. let the known driving function be

16,17

1= Acos at +Bsinat . (23)

The phase angle is included in the driving function for convenience. As
& first approximation, let the circuit resporse be that of the fr-e
linear oseillation

v vy = Acs wb s (24)

After first dividing both sides by (bo + co), adding wav to both sides,
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using Eq. (23), and then rearranging, Fq. (22) becomes

2 A Bo 2 1
f+ov = - ————sin ot + cos wt + |0 - ———— vV
(bo + co) (‘\-0 + cc) I.(bo + co)
3p 5b, 6b, 20b
- 2 V2 + L Vl' Vool - 2 v+ . V3 %2
(b, + ) (b, + ) (b + Cy) (v, + co)
(g + 6;) 38, 5a
e o, 2 P 4 vu v, (25)
L(bo + co) (b0 + co) (bo + co)

vhere v = dvfdt and ¥ = <12v/dt:2 . Equation (24), the first approxi-
mation to the recponse of the circuit, is now substituted into Bq. (25).
After considerable use of trizcnometric formulas, Eq. (25) reduces to

v+ a)ev - Mlcos wt + lein wt + Macos 3wt

+ N351n 3ot + M5cos 5wt + Nssin Swt (26)
where
2 2
Bo 1 3 b 5 b,
M »— °. + - Z A\,)3+--—-—"—A5
(bo + co) L(bo + co) 4 (bo + co) 8 (bo + co)
Aw (a, + G,)o 3 aw 5  a®
By =- 4ty 4 = 2 A03“" . Ay
(b, + co) (v + C,) 4 (g + co) 8 (v, + °o)

2 2
b A3+k—5- b

. 5
= 0 A, N
y (bo + co) 16 (bo + co)

am 3 1-5. no 5

h Ao Ao
(bo + co) 16 (bo + co)

3

3
4

2
25 Y
Ly A

M. & — ———

3 16 (0,4 °
5 a,m

MPLANLEI
16 (b0+c°)
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Nov unless M, = N, = 0, the solution will involve t cos wt and

t sin wt . But this means that the response of the circuit would not
be periodic i» violation of the basic sssumption made above, Setting
M sH =0 iaEq. {26), gives the following velues for A and B:

A= (ay +GAy + % 52A03 + g a)‘l‘.oj ’ (e7)
Bs- [w(bo +6,) - o%L] Ay - £ baal\o3 - gb,,wer5 , (28)

and reduces the differential equation to

v+ mav - u3cos 3ot + Nasin 3ot + Hscos Sat + N,).sin Swt . (29)

The solution of Bq. (29) is

M.
vy = Micos wt +Nisin ot - ag cos 3wt

) KN
-agsin%t-z—‘:?cosﬁm-;ésmsm, (30)

where Mi and Ni are fixed by the homogeneous equation. Followiug
Stoker's technique,r{ choose Mi n Ao and N]'_ = 0, This can be done
since the phase of the drive, 10 5 1s adjustable; hence,

vi® Ocosm:-l%cos Bmt-—ggsin&nt-—lﬁzcos ﬁnt-—ltzésinint -
& 8 2l da”

Bquation (31) is a first approximate solution to the differential equa-
tion. It can be used in ths same way as the first approximation to v,
Eq. (24), to obtain a second approximate solution to the differential
equation. This iteration process could be continued until 2 soluti~sn cf
the desired accuracy were obtained. However, it is not a solution of
the differential equation that is sought in this analysis but the ~ondi-
tion given bty Eqs. (27) and (28). Equation (£3) can be rewritten us

fo=P cos{awt + ) = A cos mt + B 8iu wt . (32)

Hence, the magnitude of the drive is

pa a2+ )2, (33)
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Substituting Eqs. {(27) and (28) into ¥g. (33) gives the rnsult
e {(ao sah, +2en’ + 5 a,‘A°5}2
+{[m(bo +¢,) - ;—J T PR b,,mo5}2 . (3W)

Experimental values of AO at bigh known drive levels and various values
of @ can be used in Eq. (34) to determine ay, a,, by, and b .
The values of 8, » bo , and Go can best be obtained with smll-signal
measurements of the cavity response, and that of co can be calculated.

D. DESIGN AND FABRICATION OF CAVITY, CAVITY HOLIER, AND CERAMIC SAMFLE

Y

1. Cavity Design

Since a resatively large supply of 73% BaTi03-271, Sx‘I‘iO3 ceramic
had been obtaired and could " ierefore be used in other phases of the study
of nonlinear dielectrics for device work and since it showed considerable
nonlinearity under the influence of a dc bias field, it was decided that
this material should be used for the large-signal measurements. However,
because the real part of the small-signal relative dielectric constant,

%' , wes so large, the measurements vwere made in the S-band frequency
range so that the physical dimensions of the cavity would not be pro-
hibitively small. The only data available for this particular batch of
material was that obtained in the smmll-signal X-band measurements
described in Chapter II. The cavity was therefore designed with the
X-band data to resonate at 3,00 kMc. Even with a relatively large change
of &' between the S-band and X-band, the cavity should still resonate
in the S-band frequency range. In order that a positive control of the
temperature could be maintained and that the losses should be relatively
low, the operating temperature was chosen as 1?501?. At this temperature,
the X-band value of «' is 2000.

The design procedure was first to choose the size of the dielectric
post and calculate its small-signal capacitance. The capacitance, co ,
was calculated and added to that of the dielectric. The i-~ . renctance
of the shorted transmission line wes thc. set equal to the reactance of
the total capacitance, thereby determining the length of the line. The
characteristic impedance of the line was chosen as 750, a value vhich
gave rise to a reasonably smell C, and still made it possible to machine

0
the cavity.
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The high ' of the ceremic mude it mandatory that the post be small.
A length of 0.020" and a diameter of 0.010" were chosen for the cylinder.
The small-signal capacitance of tl.is post is
eox'A
€l = ——— = 1.76 it (35)
14
where € is the dlelectric constant of free space,
A 1s the area of one end of the post = m2 ’
4 is the length of the post.
The egpacitance, co , can be obtained from a formula given by
Mu'cuvitzl for calculating the susceptance of the capacitive gap termina-
ting a coaxial line as shown in Fig 26.

Z 222277 i

e L

2a!

>

T

FIG. 26--Geometry and equivalent susceptance of cspacitivg
gap terminating a coaxial line (after Marcuvitzl8),

At the reference plane, T , in Fig. 26, the susceptance is given oy
p bb! t ' [N}
e

where A 18, in this case, the freespace wavelength at the resonant
frequency, fo = 3,00 kMc.
The diemeter of the center conductor, &b' , was arbitrarily chosen to
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be 0.125". The ratio a'/b' can be obtained frox the characteristic
impedsnce of the line,

2, = 6 1n(;—:) . (37)

Witha Z,0f 750, Eq. (37) ytedds (a'/b') = 3.49 ; hence, 2b' = 0.436".
As stated previously, 4 = 0.020". With these values, Eq. (36) yields

B
T, = 0.175; (38)
hence
B 0.175Y0
co  — - = 0.124 [TITS g (39)
2xf, anfo

As desired, (,<< Cj . Since 4 2 2/200 , the reference plsne T can
be used in place of plane k-k , shown in Fig. 23, in this approximate
derivation. At the reference plane, T , the total swall-signal capaci-
tive reactance is

1
X = = 28.20 . (%0)
c ® BT {C, + )

If £ =1,, X, eqals X; vhere X i the input reactance of the shorted
transmission line and is given by ¢

X;, = Zytan sl , (1)

where B = En/)‘ is the propagation constant in the line, and

A 1s the length of the line.
Upon substituting the result of Eq. (40) into Eq. (41) and solving for
4, the result is

A

Al AL

4t = 0.206" = e

In summary, the electrically important dimensiuns derived in this section
are shown in thu top view and cross section of Fig. 27.

2, Cavity end Cavity-Holder Deseripticn

The dielectric post is bathed in a moving stream of sulfur hexafluor-
ide gas, SF6 . Tnhis is introduced into the cavity through the four 0,013"
holes, shown in Fig. 27a, which have been drilled in the end of the
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center conductor at such an angle that the gas streams move along lines
tangent to the post. In this way a circular flow is set up around the
post to carry away the heat generated in the dielectric by rf dissipetion.
The SF6 also serves to prevent ii breakdown. The gas is brought to ‘hese
four outlets by a hole drilled from the lower end to meet them as shown
in Fig. 27b. The gas outlet hole, shown in Fig. 27a, has been drilled
through the bottom of the cavity to the relief, shown in Fig. 27b, cut

in the lower end. The outlet wus made large enough to insure that the
pressure in the cavity would be no greater than one atmosphere. The short-
ing plane is a thin silver-plated beryllium copper disk. The input and
output couplers were made from 0.089" o.d. 500 coaxial line. The inside
surfaces of the cavity were silver plated. Figure 28 is a photograph of
the cavity with the dielectric post.

The cavity holder is pr‘ arily a heat reservoir whose temperature
can be closely controlled. A photograph of the holder is shown in Fig. 29.
It was mude from a four-inch diameter brass cylinder wi'ich was bored to
receive the cavity. The temperature was controlled by nounting & thermo-
switch in the brass that was in series with a Variac and the lead-covered
heating cable wrapped arcund the outside of the holder. A thermometer
was also inserted into the holder to monitor the temperature. The holder
was wrapped in asbestos tape and then enclosed by an asbestos box which
was, in turn, covered with aluminum foil. In this way It was possidble
to keep the thermal drift of the cavity aolder to less than :o.5°r.

The sulfur hexafluoride gas was fed to the cavity by means of » hole
drilled up through the center of the holder to meet that drilled in the
cavity. Likewise, the gas exhausted from the relief cut in the bottom
of the cavity through a second hole in the holder to & tube which vented
to the fume hood. When introduced through the long hole grilied in the
holder, the gas was preheated to the cavity temperature.

Figure 30 is an exploded.view photograph of the parts as thev go into
the cavity holder. In order to show how the ports fit into the holder,

a detailed desqiaiption of their assembly is given in Append’ s

3. Semple Fabrication
The first step in fabricating the cylindrical poct of the nonlinear

dielectric was to cut and grind a slab of the ceramic to a 0,020" thick-
ness. After the slab had been cleaned, a film of metallic silver was
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FIG. 28--Microphotograph of coaxsal cavity with shorting plane removed.
The dielectric post is sezyzn on the end of thc center conductor,
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chemically deposited on it by the sawe process used in silvering mirrors.
Just enough copper was then electroformed onto the slab to protect the
silver and stop its oxidation (epproximately 0.0002"). In this way it
was possible to coat the ceramic with a conducting film which would not
peel off with subsequent grinding. Other methods of deposition were
tried, including the evaporation of silver onto the ceramic; however, with
this latter method the bond of the metal to the ceramic was poor, with
the result that the film later peeled. The processes involving the firing
of paints were not tried since it was felt that the firing might alter the
structure of the ceramic by allowing grain growth, in which case the meas-
ured sample would not characterize the lot from which 1t was cut,

Cylindrical blanks were then cut from the slab with an ultrasonic
impact grinder using boron carbide #800 grinding dust. The cutting tool
vas a 1/U" length of 0.020" 0.d4.-0.002" 0.d. w.th. nickel cathode sleeve
vwhich was driven through the slab av right angles to its surface. The
blank was that portion of the sleb left uncut in the hcle of the tubing.
Figure 31 is a microphotograph taken from above the slab of dielectric
after two holes had been cut. The hole on the left was not cut all the
way through the slab; therefore the sample blank is still in place. The
blanks had an average diameter of 0.015" and were tapered to an approxi-
mate diameter of 0.013" on that end first cut by the tool, In most cases
the metal on the ends of the blanks was intact.

The blanks were then hand ground between two flat hard Arkansas grind
stones to their final diameter of approximately 0.0105". A spacer o.
0.0102" thick polyethylene sheet was cut to the same size as the stones,

A hole was then cut from the center of the spacer and all grinding vas
done in this hole. When the grinding action was stopped by the spacer,
the blank's diameter had been reduced to the desired size. During uhc
grinding, the blank was often put into a dish of light oil under & micro-
scope and the feather edge ot the metal on the ends removed with r {'ne
brush, The blank was then dipped in acetone to remove the oil and the
grinding was resumed. All the grinding *-as done Ary with a circular
motion and with little or no pressure applied to the stones. An end view
and side view of the finished sample is given by the microphotograph of
Fig. 32. As shown in this figure, the metal on the ends of the sample is
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FIG. 3i--Microphotograph of dielectric slab after being cut
with the impact grinder. The hole on the left shows
the sample blank in place,

FIG. 32--Mfc:ophotograph of ceramic dieleciric post. Magnt-
fication is 32x.
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intact and there is no observable taper. The photcgraph wao taken with
a magnification of 32x.

The diameter of the sample used in the large-signal measurements was
measured with an optical comparitor and found to be 0,0104" & 0,0001".
The length was 0.0200" + 0.0001".

There are three reasons for using such a small sample:

(1) The capacitance of the sample should be small in order to use a
reasonable value of inductance to resonate the cavity in the desired fre-
quency renge and therefore a reasonable length of transmission line,

(2) The length of the post, 4 , should be smll in order to have
high electric-field intensities in the dielectric at reasonabdble power
levels.

(3) The radius of the post should be small since a constant field
strength within the post is desired; and, as shown elsewhere in this
chapter, the longitudinal fields in the post decreased with increasing
radius as Jo((n\/u—e‘ r) , (on the basic of a small-signal linear analysis),
where the € is that of the dielecric and therefore high; hence the
radius, a , must be small in order to have Jo(me?a) =1,

E. SMALL-SIGRAL MEASUREMERTS ON CAVITY

The following linear parameters of the circuit shown in Fig. 2k are
unknown and must te evaluated betore large-signal measurements can be
made:

(1) G} , the conductance representing the wall losses in the cavity,

(2) 8, , the linear term in the pover serles expansion of the
nonlinear conductance, G, , given in Eq. 17),

(3) by ; the linear term in the power series expension of the
nonlinear capacitance, C, , given in Eq. (19),

(4) L, the inductance representing the shorted transmission line,

(5) n , the turns ratio of the input transformer, T,

(6) m , the turns ratio of the output transformer, T, .
In addition, the =agnitude of the drive, 10 , in the circuit * < Fig., 25
must be related to the power incident on the eaviiy, Pin o ¥ and the
response of the circuit, v , must be related to the power, Pout )
absorbed ty the load at the output of the cavity.
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Since the cavity walls were silver plated, the wall loases ere
negligibly small when compared to the losses in the dielectric; there-
fore G(') can be neglected. 2%

The Q circle measurement technique described by Ginzton™” was used
to determine the unloaded Q of the cavity, Qo ; the loaded Q of the
cavity, QL ; the resonant frequency of the cavity, to ; and the stend-
ing-wave ratio of the cavity, L when viewed from the input side at
the resonant frequency. The values, together with standing-wave ratio
of the cavity, Tout ? when viewed from the output side with £ = ro N
will determine 8, bo , n,and m. The results of these small-
signal measurements are:

Qo = 44

0~ a 31

fo = 2,902 kMe

Tin 2.0
Tout = 30 .

The 00 of the cevity, as determined by the Q ecircle measurements,
included the effects of the load at the output; however, as will be shown,
the output was s0 undercoupled that the effect of the output load on Qo
was negligible. Since the wall losses were much less than the losses in
the dielectric, the unloaded Q was approximstely

%*% " @5 (s2)
where % is the dielectric Q . Hence, the loss tangent of the
73% BaT10,-27% 5rTH0, ceramic at 2.902 ke and 123°F 1s

tan & = 0.023 . (+3)

The linear capacitance term, ‘oo , can be computed from the resonant
frequency, f, . Using Eq. (41) and the dimensions of the cavity miven
in Fig. 27, the reactance of the transmission iine at che referenct plane

k-k (see ¥ig. 23) is

X;, = Zotan Bylt = 2070, (4%)
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where ' = G.226 - 0.020 = 0,206"
Bo" 2‘/10 ]
:AQ = cfty = 10.32 cm = 406",

Now when f = f,

o » the reactances sre glven by X, = X, = l/m(co + bo) .
Thu.,

1
(G +by) = %5 = 2,22 yut 4 (4s5)

and with Eg. (39) the dc term in the expension for Cd is determined
to be
by = 2.53 - Cy = 2.10 puf . (46)

The real part of the relative dielectric constant can be obtained by using
Eq. (46) in Eq. (35), and at .23°F and £ = 2,002 kMc 1s
vt

K' = 2 = 2200 . 1)

eoA

The inductance, L , can be determined by rewriting Eq. (4k) as

2 2nd
L-ﬁs-gtan—. (48)
w @ A

The large-signal measurements were taken in the frequency range from
2,6 to 3.1 kMc, At £ = 2,6 kMc, Eq. (48) gives L = 1,34 muh , while
at £ = 3,1, the irductance 18 L = 1,36 muh . This is a change 1. L
of less than 2%; hence an average value of

L= 1.35 mih (49)

will incur less than 1% error.
The small-signal Qo of the circuit in Fig. 25, when Gc', is neg-
lected, is
o{C, + b.)

Qy» ——=. (50)

8

By rearranging Eq. (90) end using the known values of @y = 2xfy , Gy,
bo , and QL) , the value of 8 is determined to be

) u)o(co + bo)

o = 0.92 x 10”2 mhos . (51)
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The turns ratio, n , of the input transformer, T, , ~an be deter-
mined in two ways. The first involves QL and the second involves the
standing-wave ratio, Typ o of the caviiy when f = fo and when the cav-
ity is viewed from the input side.

The loaded Q of the circuit of Fig. 25, when G(') and the effect
of the load admittance are neglected, is
. mo(co + bo) )

Qg (52)

- n2Y° +a,
Equation (52) can be solved for n and, vwhen the known values of w,
c !o » 8 s and QL are used, ylelds

1 [ay(c, = vo) 32
nwg{— | ———— - 2, = 0,139 . (53)
Y
) 4,

To evaluate n by the second method, consider the circuit of Fig. 2b
when the output admittance, Yo , and G(') are negiected, vhen f = fo ’
and vhen all the impedances (now real) are reflected into the input side

of Tl .

o’bo'

ﬂ“ﬂcg
AAA
YVVY

FIG. 33-<Equivalent circuit for cavity when rescnant
and viewed at the input.

The caviuy is wuuercoupled by the input loop; hence its impeds ‘e at
resonance is less than the characteristic {mpedanze of the input irane-
mission line. Ginzton shovseo that in this speclal case,

Z Y.
r=2a-2, (54)
Z, Y




The feasured value of Fiy 15-2.0 herice trom Ba:.(54) - - -

s /2
n= °] = 0.152 . (55)
*in¥o

The values of n obtained in Eqs. (53) and (55) agree vithin 9%. The
average of the two values will be used and is

n = 0,146 . (56)

The turns ratio, m , of the output transformer, '1'2 s can be deter-
mined with the standing-wave ratio, Tout ? of the cavity when f = fo
and vhen the cavity 1s viewed Jrom the output side, The output coupling
is very light and since the impedance presented by the cavity is resis-
tive, Eq. (54) can again be used:

re2.L, (57)
2y Y

where r = Tout * In this case, however, the resistance coupled into the
cavity from the input side can not be neglected; hence the circuit of
Fig. 24 becomes that of Fig. 3h4 when G(') is neglected, when f = fo ’ .

and vhen all the impedances are transferred to the output side of /”."2 " N

\\
2 oy
Sy s :E -2
g% S22 .

FIG. 34--Equivalent circult for cavity when rescnant
and viewed at the output.
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The circult of Pig. 34 shows that !L in Bg. (57) is

?T
T X G

By substituting %q. (58) into Eq. (57), using the known valuee of n ,
!0 s 8y s and Tout ? ard solving for m , one obtains

2y 1/2
N i °°] = 0.0475 . {59)

Tout¥o

It wvas acsumed that, as a result of the light output coupling, the effect
of the load, !0 . on QO and on the input impedance of the cavity at
resonance could be neglected. This assumption was used in Egs., (42),
(50), (52), and (5%}, und can aow be checked. When reflected into the

cavity, the output load is
m2Y0 = 0.045 x 1073 R (60)

and 18 4.9% of 8, hence the meximum error incurred with this assump-
tion is 4.9%--an acceptable error when compared to those incurred else-
where,

To obtain the magnitude, P , of the drive, 10 , in terms of the
pover incident on the cavity, P,_n e consider the circuit of Fig., 35
where it is assumed that the cavity presents a matched load to the line

and that the constant current generator is that of Fig. 2k.

-
O~
=
% ‘
]
°'<
AAA.
ey
<
(=]

P

ref

FIG. 35--Equivalent circult of Pig. 24 whep the cavity
is assumed to be matched to the génerator.
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Since the load is matched, 2ll the jcwer incident on the cavity s
absorbed and none is reflected. The total power output, P . ? of the

g
idesl current generator, 16 ) 48

P ==, (61)

Half of this power is absorbed by the generator admittance, Y
half is carried as P

0! and
to the cavity admittance; hence in this matched

ine
systenm,
2
P i
p1 « 80 O s (62)
ne 2 BYO
or,
1/2
TNEEN @

Now assume that the load presented by the cavity is changed. The power
output of the generator, Pgen , will also change; however, the generator
admittance will now be absorbing not only power from the generator but
also the power reflected from the cavity, Pref ; due to the mismateh,
But by definition, th2 magnitude of the current output of the generator,
|i<')| , has not changed, and therefore the power incident on the cavity
has not changed. Thus, in the large-signal measurements » keeping the
power incident on the cavity constant is equivalent to keeping the teg-
nitude of the current generator in Vig, 25, |1°| = P, constant. By

reflecting the current generator, i <'> , across the input transformer,

'1'1 , and using Eq. (63), the magnitude of the generator in Fig, 29 can
be written as
“11/2 2 -
Pa oty n[&opm_il/ = 0,058 PJ"{' ; 164)

vhere from Eq. 32)
Ps Hol »|Acos wt +Betnat|s |_A2 + 32]1/2 .

The voltage, v , acinsr the nonlinear capacitance, cd , 18 linearly
related to the power absorbed in the output load of the cavity., In
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reference to Fig. 24, the power abaosbed in the losa admittance is

w2

L 0 =
Pour. - -T- . {65)
r4
By writing Bq. (65) in terms of v instead of vy, and solving for A, ,
one obtains

1/2
By vl m [2 Pm] - 210 22 (66)

YO out

In summry, the values of the linear parameters in the circuit of
Fig. 25 have been obtained in Eqs. (51), (39), (46), (56), (59), and (49),
respectively, and are
Gy = (2 + m )Y, = 043 x 2072 mhos

8, = 0.92 x 107 uhos

Co = 0,12 puf

bo = 2,10 put

n = 0,246
m = 0,047%
L =1.35 mh,

and from Bqs. {64) and (66) the magnitude of the drive, 'iol , and the

response, |v| , are
1/2

P =j1,]=0.08 7le

1/2
Ay = Ivl =220 ¥/C

Thus, in the large-signal neasurements, curves of the response of the
cavity with & constant incident pover level can be obtained by measuring
the power absorbed by the load as a function cf frequency. These curves
cen theu be uscu with Eqs. (64) and (66) to solve Eq. (34) =" .dteneously
for the unknowns 2y, 8, b2 , and 'bb .
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F. LARGE-SIGNAL MEASUREMENTS

1. Prelimirary Conéideratiors

The response curve of a 1linesyr resonant system, vhen plotted for a
constant drive level as a function of the drive frequency, is a symmetri-
cal reconance curve. However, if the system contains a nonlinear element,
the curve of the response will no longer be symretrical but will be
skewed toward higher or lower frequencies depending upon the sign of the
coefficients deseribing the nonlinearity. If the losses in the nonlinear
system are not too great and if a large enough drive is used, the response
can be expected not only to skew but also to have a frequency range in
which the curve is double-valued. This type of behavior is discussed by
many author516’17‘18 and predicted from equations that are similar in
form to Eq. (34%). However, to show the double-valued portion of the
curve, it is ne ary to sweep the frequency into the bistable region
as shown in Fi . To establish the upper branch, the frequency of
the drive must start from below the double-valued regica and sweep up-
wards until there is a discontinuous Jump downward in the response; and
to establish the lower branch, the frequency must be swept from above
the bistable region until a discontinuous jump upward is experienced.

When the small-signal measurements described in the previous section
were made on the cavity, the temperature of the ceramic dielectric post
could be assumed to be that of the cavity, However, if large rf fields
are established in the cavity, the power carried in these fields will be
dissipated in the dielectric with the result that its temperature wiil
rise. Therefore, in order to maintain the dielectric post at the cavity
temperature, all the large-sigual measurements were made with pulsed
power. But with a pulsed system, the freq:
the double-valued portions of the response curve are not possible; hence
a hysteresis such as that shown in Fig. 36 may not be seen.

Wnen the measurements are made with puls~d power, tne cavity wst
reach the stemdy zi.ate in & time that is short couwpared to the pulee
length. The rields in & cavity will reavh 1/e of their final value in
QL/a cycles. Hence, on a linear basis, the time constant of this cavity
is

sweeps ¥y to show

&y

T = — = 3.4 musec , (68)
®
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FIG. 36--Typical curve of the response of a resonant
containing & nonlinear element (after Stoke:
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vhere the frequency is that of the srall-cignal resvnance. The cavity
can be assumed to have reached the steady etate in Uz or upproximately
1k musec. The shortest pulse length used in the large-signal measure~
ments vas 1.k psec; thus, a negligibiec error was introduced by neglecting
the effects of electricel transients in the cavity.

As shown in Appendix F, a negligible error (i.e., less than 24) was
lintroduced by assuming that the electric field was constant across the
dielectric post.

2. Instrumentation

A block diagram of the instrumentation used in the large-signal
measurements is given in Fig. 37. The Xklystron oscillator supplied a
continuous sign~l to the traveling-wave amplifiers. The final amplifier
vas t1iggered 10 times per senond and supplied & 1.4 psec pulse to the
cavity. The power incident on the cavity was monitored through a 20 db
directional coupler with & thermistor and power meter so that it could be
kept at a constant level by means of the variable attenuator. The inci-
dent power was also sampled by a 20 db directioral coupler and put through
a transmission wavemeter to a erystal, The output of the crystal was fed
to vertical channel no. 1 on the oscilloscope for observation of the pulse
shape and determination of the frequency, The power transmitted by the
cavity to the output load was sampled with & 10 db directional coupler
and broadband crystal, and the power level at the crystal could be con-
trolled with the precision variable attenuator. The output of the crystal,
after being amplified with a 30 db amplifier, was fed to vertical input
channel no. 2 on the oscilloscope. For each point of the data, the pre-
cision attenuator wvas set to give & 3 cm displacement on the cscilloscope,
and the necessary attenuation was read and used to calculate the peak
output power of the cavity. This procedure was repeated at different
frequencies with a constant incident power level until a complete curve
of the cavity response was obtained.

The equipmeni used to measure the cavity rusponse was ¢ ibrated by
removing the cavity from the circuit anu placing a matched load at point B
in F.g. 37. The variable attenuator was set to give a convenient power
level et point C where the average power level was read with the thermis-
tor and power meter. Following this, the thermistor was removed and
point A vas connected to polnt C. The attenuation needed to give the 3 em
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deflection on the oscilloscope was found on the precision variable attenu-
ator and read. The peak power at point A was then calculated from the
aversge pover reading given by the thermistor, end finally, the peak power
needed at point A to given the 3 cm Geflection when no attenuation was

set into the precision attenuator was calculated, Hence sll the readings
of attenuation obtained during the experimental runs gave the peak power
level at the cavity output, point A, as the number of db above the cali-
bration signal level.

3. Thermsl Effects

The shape of the cavity output pulse as seen on the oscilloscope
depended upon the frequency of the applied signal. This variation of
shape with frequency is shown by the photographs of the oscilloscope
trace given in Pig. 38 vhere. in all cases, the sweep was 1 cm/usec.
Figure 38a shows the 1.4 psec incident pulse from the final amplifier;
while Pigs. 38b, 38¢, 384, and 38e show the output pulse when the fre-
quency of the drive was varied through the resonance from low to high
frequencies, respectively, and when the precision variable attenvator
was set t0 give a 3 cm deflection on the oscilloscope. Figure 36b was
taken when the frequency was far below resonance and shows a slight drop
in the magnitude of the pulse from its initial value (the pulse starts
on the right in the photographs). As the frequency of the drive was
increased, the magnitude of the output pulse increased as did the rate
at which the pulse magnitude fell off with time until a frequency was
reached at which the initial value of the pulse was at a maximum. The
pulse shape at this frequency is shown in Fig., 38c. As the frequency of
the drive was increased still further, the peak of the response became
displaced in time from the start of the pulse, That is, the peak would
move to the left in the photographs as the frequency wae incressed
(Fig. 384) until it had moved completely off the pulse (Fig. 38e). Tha
output level of the pulse shown in Fig. 381 ‘s approximately 12 co above
that shown in ®ig, 38e, This motion of the psak of the resp~ se is better
shown with a longer pulse. Figure 39a shows an incident pulse of approxi-
mately 7 psec duration. Figure 39b shows the output pulse when tne fre-
quency was slightly above that where the initial response wae at a maximum
and shows that the peak of the response occurred approximately 0.5 usec
after the start of the pulse; while Figs. 39¢ and 394 show that when the
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(a) Incident Pulse

(b) £ = 2.593 kMc (c) £ = 2.943 kMc

(d) £ = 3,090 kMe {e) £ = 3,110 kMc

FIG., 38--Oscilloscope trace photographs of the cavity
output pulse at various frequencies whea Lhe
peak incident power level is 2000 watts. The

sweep speed is 1 cm/psec and time increases
to the left.
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(a) Incident Pulse (b) f = 3.140 kMc

(¢) £=3.178 kM (d) £ = 3.233 kM

FIG. 39--Oscilloscope trace photographs uf the cavity
output pulse at various frequencies when the
peek incident power level is 2000 watts. The
sweep speed 1s 1 cm/usec and time increases
to the left.
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frequency was further increased, the peak of the response was displaced
spproximately 1.7 usec and 5.4 psec, respectively, trom the start of the
pulse.

The cause of this phenomenon can b2 understood by considering the
heat generated in the ceramic during a single pulse. The dielectric post
is virtually an i{solated thermal system durinZ the time of the pulse
b 128 th 1 ductivity was low; hence durirg the pulse the
ceramic did not rid itself of the heat generated by the rf fields, and
its temperature therefore rose. An approximation of the temperature rise
can be obtained by coneidering the following elementary equation:

Q = cmAT (69)

where Q is ieat in cal,

c 18 the specific "at in cal/g~°C s

m ismass in g, ad

AT 1is the change in temperature in % .

The density of the ceramic was determined to be 5.2 g/cc and the mass of
the dielectric post was calculated to be 1.33 x 10')' g, It is reasonable
to assume that the specific heat of the ceramic was approximately

0.2 cal/g.%c. If it is also assumed that the pesk input power to the
cavity (hence the power dissipated in the ceramic post) was 1 kv, that
the ceramic post was an isolated thermal system and that the electrical
system was linear, then the temperature rise during a 1,4 psec pulse
calculated from Eq. (69), was

o= L x12.6% - 22,67 . (70)

The small-signal rescnance of the cavity occurred at approximately 2.9 iMe
when the temperature of the dielectric was 12 °:-‘; however, f ity tempera~
ture vere 150°F, the resonance would have occurred at a higher frequency
due to the change in the dielectric constant. From ¥Fig. 6 the relative
dielectric constant of this ceramic at 123°F is approximately 2100 wnile
at 1500}‘ it is approximately 1550. Since the small-signal r- .nant fre-
quency would be shifted by approximately une square voot of the ratio of
the dielectric constant at the lower temperature to that at the higher
temperature, the resonunt frequency would shift by a factor of approxi-
mately 1.16 or from 2.9 kMc at 123° to 3.4 kMc at 15¢°F.
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On the basis of the simplified analysis made ebove, one can predict
the manner in which the magnitude of the cevity responsc wculd very dur-
ing the time of n pulse when the cavity is driven with a high-pover
incident pulse whose megnitude is constant. The initial reeponse, a3
seen on the cscilloscope, would be proportional to the fields in the
cavity vhen the temperature of the dielectric was that of the cavity
(123°!‘) and vhen the maximum cf the resonance curve was in the region
of 2,9 kMc. But as time increased, the temperature of the dielectric
would rise until, st the end of the pulse, the response would be propor-
ticnal to the cavity fields when the temperature of the dielectric was
greater than that of the cavity (150°F) vhere the maximum of the reson-
ance curve would now occur at a higher frequency (3.4 kMc)., This is
roughly equivalent to the resonance curve sliding toward higher frequencies
during the time of the pulse, If the frequency of the drive were above
2.9 kMc but below 3.4 kMc, one could expect that, during the pulse, the
response would start at & low value, build up to a peak and then fall off,
As shown by Figs. 384, 39b, 39c, and 394, this is what was observed.

This analysis does not take Znto account either the nonlinearity of
the dielectric or the changes in the nonlinearity of the dielectric which
probably occur during the time of the pulse. Also, it was assumed that
the input power was constaul whwu, in fuct, the incident power was held
constant and the shape of reflected pulse vas the inverse of that of the
response pulse, The analysis does indicate, however, that only the ini-
tial response of the cavity should be used for the measurements.

Another thermal effect must also be considered, If the heat gener-
ated by the rf in the dielectric during a pulse is not dissipated before
the next pulse, the initial response of the cavity will be for the cera-
mic operating at some temperature above that measured wi*h “he thermometer.
To insure that this was not happening, the pulse repetition frequency was
reduced while monitoring the shape of the outptt pulse. The system was
triggered actomstically et 10 pulses per second end then triggered manu-
ally at sprroximately 1 puise per second. No change in eitl . the initial
response or in the overall pulse shege was observed; hovever, when the
trigger rate was set at 100 pulses per second, the response wes radically
changed. A pulse repetition frequency of 10 pulses per seconi wus theos
fors used in all the large-signal measurements.
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4, Results

Curves of the peak output power of the cavity are given in Fig. 40
as a function of frequency for thres constant incident power levels.

The portions of the response curves on the high-frequency side of
the maxima are not shown since here the initial response of the cavity
was obscured by the heating effect and, at any given incident power level,
it was necessary to increase the fvequency until the peak of the response
was well removed from the start of the pulse and an initial step vas
evident as shown in Figs. 3684 and 39b.

The curves of Fig. 40 can be used with Eq. (34) to determine the
unknown coefficients,

P {(ao TERTI s b+ ahAo5}2

2
+ {[“’(co +3) - %] h+gogn’eg "h“’“oj} .
The constant parameters of this equation have been evaluated in Egs. (39),
(46), (49}, (51), (56), (59), (64), and (65) and are:

a, = 0.92 x 10”3 mhos
0 2.2 -3

G, = (n“ + n )Yoso.laxlo mhos
bo = 2,10 ypt

Co = 0,12 ppf

L =1,35 mh

1

P = 0.058 Pi{ﬁ where P " is in watts of peak power

in

. 210 P12,
Ay = 210 z‘i /% whers P . 1s in vatts of peak pover.

t
Using these values, Eg. (34%) becomes

A¥-]
11 .2
out %2 * 2,56 x 10 Plut auj

P
3.36 x 1070 A€ {0.283 +6.95 x 205 P
out

fr 9. 4.8 x 10°
+ o x 207t - -—r——--l

7 12, 2 2
+4.36 x 10'r Py bp + 261 X 207°L BC b

(n)

.82 .
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The use of a Burroughs 220 computer to solve By. (71) sfmultanecusly
with velues of P, , P, . , and f taken from the curves of Pa. W0
indicated that the experimental errors were too large to allow &, and
bk to be determined but that a range for a, and b2 could be esti-

2
mated, The estimated range of ay

-1x10'8<32<1.5x10’8,

was

and that of b2 was

18

-2x1077°<b,<0.

4

These limits on a8, end b2 are so broad as to be virtuelly meaningless,

It was therefore decided that, after dropping tue terms involving
a, an b, , Eq. (71) should be fitted to the curves of Fig. 4O. The
largest error in the constant terms of Eq. (71) could be expected to
oceur in the turns ratio, m , of the output transformer in the equivalent
circuit, since, as shown by Eq. (59), the calculated velue of this ratio
includes the errors arising from the determination of the input turns
ratio n , from the determination of the loss term 8y 1 and from the
measurement of the large standing-wave ratio Tout ¢ As can be seen
from Eqs. (34) and (66), a change in m has a relatively large effect
since the square as well as the sixth power of the reciprocal of this
ratio enters into Eq. (71) when the terms in 8, and b are dropped.
To offset this error, Eq. (71) was fitted to the 69 watt curve of Fig. 40
(since here the contribution of the nonlinear terms is relatively & il)
with a change in m of 1.6. Curves were then plotted using the modified
form of Eq. (71) with varlous values of a, and b, . In this way it
was possible to set much narrower limits on ay and b2 than those
obtained with the computer because a relatively small ciauge in the velue
of either term radically changed the shape of the plotted curves, The

estimated value of 8y is

8y =+ 2.4 x 109 £ 1.0 x 1.7

while that of b, is

2
by = - 2.4 %109 £ 0.6 x 2077,

It 1s felt that these limits sre wide enough to allow additional correcs

tion of the turns ratio or changes in the other linear terms. These
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values agres with those obtained durirg the testing of en harmonic generator
which epploys this ceramic dielectric as its nonlinesr elemwnt and which
has been dosigned and built in this laboratory.

The deshed curves of Mg, 40 are plotted vith values of + 2.4 x 10°7
ard - 2.5 x1079 for o) and b, respectively and, vhile the fit is
not exact, clanges on the order of 10% in either & or ba caused the
it to deteriorate markedly.

The value of the rf conductivity of the ceramic (73% NT103-27$ smo,)

can be calculated from the value of %, and Eq (17) and 4s

ary « & Z o (8)° = 8.5 + (5.7 % 02 & 2.4 x 107222 mhos/meter
n even

where 4 1s the length o. the dlelectric post in meters

A is the croms-sectional area of tho post in square meters and

E is the electric field intonsity in volts per meter,
The large-signal dielectric constant can be similarly obteined with Eq. (19)
and is

ot Xbm(a)" & 6[2200 - (6.5 x 1071 & 1.6 x 10711 )8?)
n even

where Io is the dlelectric constant of fres apace.

The pesk ineident pover levels of the curves shown in Fig. 40 range
trom 60w to 900w, and the corresponding peak rf fields estahlished in the
dielectric can be obtained with Zq. (66) and the maxima of the curvas of
the cavity response. Using this equation and the correction factor for
m , the peak electric fields in the dielectric were

1/2
v 210 P
Es= ‘-—l- - -—-—5—“5 x 1.6 = 6610 P%E . (12)

From ¥ig, 10 and 8g. (72), the maximum electri~ field in the Alelectric
renged from approximately 6.0 kv/em with 60 w peak incideny pover to
1%.% kv/em with 900w poak incident power,

The field strangth obvained exporimentally from the S0 watt curve
and Bq, {72) can bte uasd to check the correction fuctor for m by cale
culating the field sirangth in the dielectric with the definition of §
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and the expression for energy storage:

aW
Q=7

Hs}a-fes"’dv=%enzv,

where, in this case,

W 1is the energy stored in the cavity

P 1a the pover dissipated = P, [(r, - 1)/(r1n + 117

V is the volume of the dlelectric cylinder, and

E 1is assumed to be a constant in the dielectric.
Solving for E and substituting the known values of Q , @, P, € , and
V gives a maximum electric field field in the dielectric of 6.5 kv/cm.
This value is within 10% of thav obtained above and is, therefore, a
reasonable check on the correction factor for m .

A more accurate method for measuring the nonlinearity of a ceramic
dielectric would probably result from casting the response of the equiva-
lent circuit in terms of the power reflected by the cavity for in this
case it would not be necessary to use an output transformer whoge turns
ratio could only be obtained with a limited accuracy.
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APPEADIX A

SOLUTION OF BOUNDARY VALUE PROBLEM FOR SMALL-SIGNAL MEASUREMENTS

The geometry used is that of Fig. A.l.

Y
t : /47
I I Z II1
z Z,: 8 Z,,T Z,, P <*-Load
D ctee i
- 7 = 0 z=n z=m+4d

FIG. A.l--Schematic “iagram of sample configuration.

For Fig. A.1,

Region I, an air-filled section of the waveguide, has a real

charscteristic impedance, 2.  , ard a real propagation

0
constant, B .

Region II, & section of the waveguide which is filled with a
nonlinear dielectric, extends from z=m to z=m+d ;

and has both & complex characteristic irpedance, Zé , and

a complex propegation constant, I .,

Region III, an alr-filled section of the waveguide, is te.uin-
ated by a matched loed and has a real characteristic imped-

ance, Zo , and a real propagation constant, B .

Since both faces of the dielectric are perpendicular to the axis of the
waveguide, only the dominant mcde should be excited. And since wail
losses in the waveguide can be neglected when compared to those in the

dielectric, the fields in Regions I, I, and III can be written €.
Region ITI: By - heTdBZ

A _-ipz
Hx - 7 e

fee]
-3

(a.1)




Region II: B = Be

s (A.1)
Region I: E = De3PZ 4 g *iF2

vhere A,B,C,D,and E are functions of xand y , and the

time dependency, e"mt , 1s assumed but not written.
The boundary conditions are that Ey and ﬂx must oe continuous at
z=m and z =m+d , hence

E

and H =} at z=am
v,I

=E % B ¢

y,I1
’ s (A2)

and H at z=m+d

=E e, 11 ™ Bx, 111

E'y,II 'y, III

Substituting Eqs. (A.1) into Eqs. (A.2) yields

pe~JfT 4 petifm | pooTH , oo tm A

D E #6a_B Tn_ C Pa

—e -t -z e

29 % Tt 29 L )
. A3

pe-T(mtd) | (4T (md) |, -3p(m+d)

B T(md) ¢ 4n(med) A -38(md)
T 2z

25 0 ) y,

letting z = m = 0 and solving Eqs. (A.3) simultaneously for D/A , glves

2

D z2} 1

_.__ Jsd -—+ -——— eTel, (A.4)
%

The transaissic. carough the dielectric is

T Power to the load in Region IIT o« A A* (A5)
Power incldent %o the dielectric in Region I "D+ *

where * indicates the complex conjugate.
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Substituting Eq. (A.4) into Bq. {A.5) and noting that Z, sud B ave
real wvhile Z' and [ are conplex, gives the reciprocal of transmdssion as

0
1 oo [z 1 .V 1 v
R R T (_,_)em_(___) ST
1 t
T oAA* 4 g 2 2, 7
- 2 2 hY
PR 101 /1 1
ZES" +spa (_+_) TR _____) T }
1
4 z, zy*) z, 7z
1 2
W2 4, 2 Td L6
-1&022' I (zo+zo) e (zo zo) e | . (A.6)

In order to reduce Eq. (A.6), expressions for Zy, 2y ,end T are
nerded. The wave equation for transverse electric waves in rectangular
waveguide 1is

2
VT%Z =k, (.7)
vhere in Region II,
5 -
kc" = I‘d + k2 = P2 + m2u£ , (A.8)
and V’I‘2 is the Laplacian operator taken with respect to the trans-

verse coordinates, x and y .
Frouw the solution of Eq. (A.'()22 it can be shown that, in Regions I and III,
-1f2

&

Ho fc

2. =22 = |l |2 B {A.9)
€ f

where fc is the cutoff frequency of the air-filled waveguide, =:.d
Hy is the permeability of free space,
For the dominant T8,, mode in the waveguide, k, 18 given by

kc = kx - E B (A-lo)

vhere a 1ic the width of the waveguide, 1.e., the x-dimension.
Tne definitions of the complex dielectr.c constant and 10ss tangent have
already been given and are Eqs. (2) and (4), respectively:
"
€= ¢ - je" and tané-i—,.
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Substituting Bgs. (4), (2), ant (A.10) into Bq. (A.8), results ia
2 1/2
r= [(g-) - atue'(l - § tan 5)] . (a.11)

It is assumed that for the noniinear disiectrics of fnterest
(e'/eo) = k' > 100 , hence,

mauoe' >> (2)2 . (a.12)
Therefore, Bq. (A.11) can be vritten
#[- Fuger(a - 5 tan 5)]1/2 = jo fige’ 2-3tan s]l/"" . (a.13)
Using a binomial series expansion for Eq. (A.13) produces
tan & tanaa
T% o poe‘[l (R e ] . (A.1h)

It can be assuped that in Region II tan%s << 1 ; therefore Ea. {A.1k)
becomes

rsdofie - %—-5--‘ . (A.15)

Also in Region II, the complex characteristic impedance 1s
Jong .
zb = z,m = —I‘—- (A.26)

Substituting Bq. (A.15) into Eq. (A.16), gives
e 1 m tan &
PTR o S —— -9[“3 ] (a.17)
Ve [1-J(tanB)f2) Ve 2

Substituting Eqs. (A.15) and (A.17) into Bq. (A.6), neglecting the term
involving mn"’a s and simplifying, results in

1 4
! k “°) ( d ten 8)
- |z + [ =} exp(w fi€" a
T 16202(n0/e‘) 0 € 0

b 2
’“o\ 2 ®
+(Zo - :} exp(- foe" d tan 6) - 2<zo - ;—?) cos 2dm\fuge

H, H,
+ bz \/:—{‘;ta:\ 5 <2.02 - —O) ein 2dw poe'] . (A.18)
[ €'
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Since it has teen sssumed that (e'f¢ ) > 100 , the term involving
sin adm"uoc" in Eq. (A.18), can be neglacted. Simplifying Eq. (A.18)
further reduces the expression for 1/T to

11 2 .
= {[(1 +p)2 e - (1-b) e ] + 31 - v°)e1c%am fine™ b, (A.29)
r 2

1
where b--——o-

]
ZO €

ad Jun€"
Xm0
2

d = sample thickmess in meters.
Since 13> b>>b°, terms 1n b> can be peglected in Eq. (A.19), which,
after still further simplification,decomes

1 1
2
;- :1? {[sinh x + 2b cosh x]2 + 8in dm,’uoe'} . (A.20)

Iet me be the maximum of transmission when oo, and m.l./2 be
the @ when T» T /2., Assume x , b, and €' vary slowly with .
When ® =0y,

L €" = nx ns= 1,2,3,4..., (a.21)
0

and Eq. (A.20) becomes
1 1 Q 2 2 } , )
— sinh x + 2b cosh x}° + sin’ ’u TR {a.22
T e oo
mex
When w = “‘.1/2 , Ba. (A.20) becomes

2 1 bl
2 2 v
;'__. a R_é {[sinh x + 2b cosh x]° 4 <in ‘1“’1/2',“0‘ } . (A23)
ax

e

let

Aw-cu,/g-ub. (A.24)




Subtracting Bs. (A.22) from Ea. (A.°2), employing 33s. (A.21) and (A.2%),
and sinplifying, gives
o 21 - (fc/t)zllla (*.25)
sin NN — = —— . .
® (T )172(‘, )172

0 max

Substituting Eq. (A.21) into Bq. (A.25) and rearranging ylelds

n= 1’21371‘;---) (A-26)

o &
sin nx ‘o 50

where to = the frequency of the maximum of transmission, me ’
fl /2 = the frequency at T /2,
=Hye-%
21 - (g, "e21°
a - L art,
(r )179 0,kMe *
mAX
qa* = sample thickness in cm,
-9
fo,ld(c a fo x1l0 7,
fc = cutoff frequency of the waveguide.
Equation (A.21) can now be restated as
L] /2
(u')l/2 a (f—)l = a.—?—'l—- n=1,2,3,4.... (a.27)
(V] O,kMe

When o= @ » Eq. (A.20) becomes Eq. (A.22), which car be simplified with
Egs. (A.21) and (A.27) to become

- mx £ 1/2 nn
T5a sinh 5 tan & + T (Tm) cosh 3= tan & . (A.28)

Equation (A.28) can be put into a form that is not transcendential by
expressing the sinh and -osh terms as exponentials, simplitying,

H+\/Ha+fg
2 ’

and using the quadratic form, to give

exp (n—a"- tan 6) = (A.29)
vhere
1-F _ 2a/15n |8/
G=1%%" B35 F‘W'
* max
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As explained in the text, Bgs. (A.25) and (A.27) yield the real part of
the reletive dielectric comstant, «' , from the measured data, while
Eq. (A.29) yields the 10ss tangent, tan o .
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AFPENDIX B
DERIVATION OF INCREMERTAL IZHAVIOR OF A TUNED CAVITY

Consider a resonant cavity containing a dielectric whose dielectric
constant can be changed. At a given dielectric constant, Maxwell's curl

equations can be written for the volume inside the cavity as
VXE = - Joull 3

, (B.1)

Vx = o

where
€=¢ - Je, .

Note that a notation differen* from that of the text is used to distinguish
the real and imagirary parts of the complex dielectric constaut. At a
slightly different value of dielectric coustant, one can write

UXE =- Ja)'uﬂ'}. (®.2)
VX H = vaelgl
By vector identity,
fn'-(v x H)av -fa-(v xE')dv-/E' x Heap , (.3)

where V 1s the volume enclosed by the cavity and A 1s the surface
area enclosing V . Employing Bqs. (B.1) and (B.2) in Eq. (B.3), as.un-
irg that wail losses can be neglected, and assuming that the cavity is
not externally loaded, gives

m/ €EE'AV = - m"/uﬂ-H'dv . {B.4)
Similarly, one obtains
w'je'E-E'dV - - u)f uH-H'AY & (8.5)

Combining Eqe. (B.4) and (B.5) produces
oV _ Je BBV (5.6)
(u) ) T JeEEGV® '
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Let

@ =o+ M .
and . {8.7)
€ = ¢ - 3oy = (g +2¢)) - Ie, + 0¢y)

Substituting Eq. (B.7) into Eq. (B.6}, neglecting second-order terms in
A and assuming tan B << 1 , results in
Ao 1 Je E-Btav p.¥
——— 1 d e 9 (B.8)
® 2 [eBE'AV, + [;E-E'AV, €

vhere €

Yo

i{s the dielectric constant of free space,
is the 7olume inside the cavity but external to the dielectric,
Vd is the volume of the dielectric.

The fields are chenged very little by the incremental change in
dieiectric constant, Ae nce Eq. (B.8) can be written as

10
ar 1 aW. P &€
....-__.1;_1'_.._1., (B.9)
£ 2 P u)(wl + wo) €
vhere "1 is the electrical energy stored in the dielectric

= :-2L- jelz-mvd ,
W, is the electrical energy stored in the electric field
outside the dielectric = %— jeoE-EdVo »
PIl is the total power lost and is assumed equal to the power
lost in the dielectric.
Now the quality factor of the dielectric, Q, , equals (1/ten 8) 3 ;.ﬂl/PL)'
and the system
- m(wl + Ho) ,

B
hence,
af 1l 1 '
— 1
t 2Qtan § €

or in the notation of the text,
L Y et (3.10)

It should be emphasized that here Q is the Q of the cavity when the
dielectric is included.
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APPENDZK C
mumwwmmmormsmw

Consider some waveguide coafiguration containing a dielectric vhose
dielectric constant can be changed.

I g N

1 :
F15. C.1l--Waveguide configuration with ponlinear dielectric.

mlythedmimntnveg\ndemdemmatphneslandz. For a
glven dielectric constant, Maxvell's curl equations can be written for
the volume between plapes 1 and 2. These are

YxE=- ol , (c.1)
UxH= Jnek , (c.2)

e=¢ - I, -

Note that, as in Appendix B, a notation different from that of the text
15 used to distinguish the real and imaginery parts of the complex i
electric constant.

At a slightly different value of djelectric constant, one can vrite .

UxE = - Joull' , (c.3)
UxE = e'E . (c.¥)
Using Eqs. (C.1) and (C.4) yields the expression

fV-(l x H'#)av -ﬁ: x H'#-aA sﬁ: x H'wdh, -Js X H'%-ah
- jn-'-v x BaV - jx-v x H' %Y
=fn-*.(- Jau JHaV -Jfa-(- Joe' *)B RV, (c.5)
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vhere * indicates the couplex 0njugate,
V 15 the voluse encloved between planes 1 and 2, and
and A, are the areas at planes 1 and 2 respectively.

Similarly using Bqs. (C.2) and (C.3) gives
ﬁ' x K’-Mz -ﬁ' x H¥CA, = - Jop[H®.H'AV +‘[(Jme*)E'-E*dV - (c.6)
For a constant input signel at plane 1, one has

E'(l) = E(l) }
) =8 |

(c.7)

The fields at plane 2 are
E (2) = Q1) e79® @

H(2) = H(1) 98 ¢

, {c.8)
E'(2) = E(1) 38"
B'(2) = H(1) 98 e*

where 6 1is the total phase shift between planes 1 and 2, and
Q represents total loss between planes 1 and 2.
For small changes in dielectric constant, one can write

€ =€+t Ae
o+ oy, (c.9)

9' =86 +400

E' =E + AF
. (€.10)
H =H+M

and

In this enalysis only the first-order incremental terms are included.
From Bes. (C.8) and (C.9) one obtains

ﬁa X H'*dA, -st X H'#.aA) = [e"'ﬁee_?'ﬁ'm - 1] jE(l) X H(L)*dA «

(c.11)
8imilarly, one can obtain

/I-l' X H%aA, -f' X HR-aA) = [e'JMe'ece'M - 1]]}:(1) X T(1)*-a4) Zc o
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Subtrecting Eq. {C.12) froe (C.11) and esploying Bqs. {C.5) and (C.6),
[ - e'm]c'a’e'“fx(l) X H(1)*-0A, = - mﬁn-n-n - W ER)aV
+ f(,mr)(x'c.s - B'-E*AV + jo(Ae)* fr.-s'uvd , (c.13)

vhere the last integral is taken over the volume of the dielectric since
&6 exists only within the dielectric. BSubstituting Eq. (C.10) into
Eq. (C.13) and equating the imeginary terms vhile assumag A9 and A
smll gives

Req [B x E"-dAl}

2A5e'2“

Ae 2 tan & In{ [(AB/E)e, IBi Qv
| €1|E|2dvd 1+ { 1 "} , (c.1k)

2
¢ (At-:l/el)fe1|kl av,
vhere Re{ ] means "real part of {} °,
Tn{ } means "imeginary part of { } ", and
tan & = (-:2/c1 .
Now tan & <.l and 1f the insertion loss is low, Eq. (C.1h4) reduces to

a¢
onpe™ ne{fz x n*-anl}z o~ c-:llmlacwd ) (c.15)
€
1

To evaluate the right-hand side of Eq. (C.15), use

fV-E X HYV =ﬁz X H¥-dA, -[E x H*aA, . (c.16)

Substituting Eqs. (C.1) and (C.8) into Eq. (C.16) aud equating the rea.
parts yields
€

felli:u"’avd .2 (e®_y) Re{fE x H*-dAl} . {c.17)

we,
Using Eq. (C.27), F3. (C.15) becomes
=+ .
1(e™ - ) aey

A & = e — (C'le)
2 tand €




Assuming a matched system, it ig poscible to write

20 Pin
e = e

(c.29)
out

where P1 n is the power incident at plene 1,

Pout is the power at plane 2.
Hence, the incremental phase shift is

1 P, L€
lost 1
Mg————gi——-’

2 tan & Pout €

or in the notaticn of the text

1 P, ae!
a0 s -._.ﬁﬂl..__:, {¢.20)

2 tan & Pout €'




APPENDIX D
DERIVATION OF METHOD TO MEASURE DIELECTRIC CONSTANT
USING RESONANT INTERFEROMETER
The geometry of the interferometer is shown in Figure D.l.

Lucite
Coupler

AN
3 -\ -2

3\\ "
s L

FIG. D.l--Schematic diasgram of interferometer.

The monochromatic plane wave enters at 1, and after being partislly
reflected by the lucite coupler placed at h5° to its direction of pr o=
gatlion, exits at 2. Two flat sluminum reflectors are labeled 3 and 4--
3 being fixed and 4 movable. Let the following terms be defined as

812 = complex scattering coefficient from 1 to 2,
I‘3 , rh = reflection coefficients of reflectors 5 and 4
respectively,

distance between the reflectors,

transmission coefficient of “he lucite coupler,
reflection coeflliclert of the lucite couaer,

o + J8 = complex propagation constant of the wave where Q

[T
~
now

represents the losses suffered by the wave, such
as diffracticn loss and dielectric loss in air and
is not necessarily independent of L .
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From Fig. B.1, the scutteriag coefficlust, Slz.cuheuimns

312 -t [u.'ﬁ -2{osI

+ ¥y e ~2Aom 0N cr.‘u-ae“‘"“”" +...l, 1)
o
Sp=t- 1?1-31- e "’”"{1 +oFy 22N

oJeppcdtmerf « -} ®.2)
Eamtion (9.2) can be reduced to

r]. - (t2 + 12)‘31‘ e-iiﬂ'ﬁ)i'-
%2 = ‘l = ®.3)
TTERNT
Let L be the distsace between the reflectors et mies |50 »
ainisms. Mor the aivsiwm reflectors, !.- is
L- = % m=1,2,3,..., (p.a)

sizce the pimse argle of 1‘3 and r"-'o. Figare D.2 shows tie debnvior
of !slzl as a feactionof L .
Define & Jeagth 3 for whick

I (= B -2l e lsdZ) - G
waere islj-ln = !512("‘“

ISl = 181200 )] 35 5,57 2= e imterfercter 15
far off resomence.
Geing Bg. (D.3) in Bg. {D.5) snd simpiifying, coe finde

Nl 1 e o
| 1-v¢ F’l‘dap(-al.') exp{-335} !

; (2 ey )|r3l‘ new(ém ) g—x Y )|r3r5.|=x;>(-ax. fr

;_ 14t ;rjmu;,(.m:._x) L - "-‘J‘Jap( L, ) J

.)
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| s12"

B

121 max

|512(Lntg)| e e ane o s ——

|s

lalmin— — e e e e |

FIG. D.2--Magnitude uf transfer scattering coefficient
of interferometer as a function of tne dis-
tance, 1 , between the reflectors.
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where arg[‘3+arsl‘,‘~2ﬂbn-0,
nrgl"3+argt‘u-2ﬂLmsx , and

20 L1 4s assumed.
For simplicity define the f0llowing:

24 Pyrr 201, )
sals ) =t s M Ao ) ®.1)
12! mx 1+t ]I‘BPhlexp(-a!Lm)

LY (2 + 72)|P3“hlexp(-mn)] 0.8
ISl mx 5L 1- Pl lext-2,) ]
(- ] £8 = g-;é . (D-9)

Substituting Egs. (D.7), (D.8), end (p.9) into Eq. (D.6) and using the
law of cosines gives

14 [(:.2 + 72)',P3I‘2"exp(-mn)ja - Q[(ta + 72)1r3r‘h§exp(-2ahn)]cos 9]
1+ [t.2|t‘3!"ulexp(-2alan):]2 -2 talr‘ar‘h]exp(-aabn)]cos ]
g? »
n—z(1+4d )y, (p.10)
2t

or by using a half-angle formula, Eq. (D.10) becomes

M- P 72)|I‘3I‘h|exp(-adLn)-]2 + 4(e2 4 72)|F3I‘,'|exp(-2(ﬂan)sin2(e/2)
[- ta‘r‘3r‘h|exp(-mn)]2 + btall‘31"h|exp(-aaLn)sin2(9/2)

n
<

8 Py
« =5 (1+4%) . (D.11)
2y

Solving Eq. (D.11) for & sin2(6/2) yields
3 sin2 g

2 2, .2 RN

) 1 - (£° + )0, lexpl-20 )

[—-—5 (+d) - [ s vl - 3 }[1 - telr‘al‘l"exp(-mn)]e

e [ - Firgp lexst-2at )] _

2 2, & 2
Il“al"hiexp(-aaLn)Et +79) -5 (1 )] (b.12)
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Substituting Bq. (D.8) into Bq. (D.12) gives

A1 - a1 - @r.p, lexp(-20 )?
botn? o s - o) - lﬁi"ﬂ" = o) = . (p.13)
2 oy lexp(-zan Ma(e® +5%) - 8% + o )]

The loss suffered by a wave, when making a coumplete traverse between the

reflectors and when L-Ln , 18 very nearly the same as when L”"mx;
therefore
2 # exp(-200, ) = exp(-208, ) (p.21)
And for convenience, the following can be defined as
e (P (p.15)
22l 5%, (.16)

Using Bqs. (D.8), (D.14), (D.15), and (D.18), and simplifying, Eq. (D.13)
finally becomes
22 2
2 (-] [1 N § |I‘3Ph|] 1

Lsin® - s
2 ‘rgiI‘BI‘,‘; & [}2 +6° (1+ a1 - da)]

(p.17)

Now replace the aluminum reflector at 3 in Fig. D.1 with a dielectric
reflector that has the same shape and has a thickness which is electri-
cally infinite. Let the reflection coefficient of the dielectric face
be I', It can be assumed that I‘k =1 . Using these definitions and
Eq. (D.1k4), Eq. (D.8), for the case of the dielectric reflector, becomes

1- %2t 1+ 3Ar (0.18)
d, = * i3 D.1i
1 1- t21'2ll"| 1+ ae‘vall"l

When both reflectors are aluminum, it can be assumed T°, = I‘h = 1 ; hence

3
in this case, Eq. (D.8) i»
1- 0212 1+ f,a-re
do = 5 ° :-—-—2—5 . (D.l9)

l-t% i~o%

For convenilence, Vé can be defined as

R
o (1 +4d57)

g
¥ 8 2 sin ? 46 (D.20)
2

0

2)
(1-3a47)
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vhere the zerc subscript indicates th.t a quantity e defined for the
case in which both reflectors are aluminum, With Egs. (D.1y) and (D.20),
Eq. (D.17) becomes

22
l-071
o* 5 {p.21)
With the above preliminary work, it is nov possible to golve for the
index of refraction of the dielectric in terms of the measurable experi-
mental quantities, d,,d, , 8, , and 6, by using Eqs. (p.18), (p.19),
and (D.21). The index of refraction is

] (D.22)

vhere |T'| 1s the negative of the reflection coefficient of the dielectric.
Rearranging Eq. {(D.18) yields

n
1+ t3%%Im

14 00T

Ty =
2[2 14,
T 10

4

-3
1+ a?2ir| 1]

Substituting Eq. (D.23) into Eq. (D.22) yields

oo 1+ 22
(1 + 6%c) -d1(1+tr

1+o%0m /|
= (D.24)

53 ;
, 1+ t38In1
4,1 - &%) - (1 o%P —
1+ 0%e3ip]

but from Eq. (D.21), one finds that

22
1.0 =y, (b.25)
and from Eq. (D.19),
R T
145 - —— —r (D.26)
do 1+07
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or,, usiog K. (B.2%), B (IL36) berores
az

I+tx

L-Jtsﬂb\gx (ozrp

L*m!
Substd:tuting By (1.25)) enl (IL2FT)) mto Bp. (M2Y) sok stwplifiping  gives
T 4652 #un:zim’i‘ i
nn— 1
l*—tuEI n«nmt ’/i
I#tzvz X:*mtzlﬂ }
d;n x- i
ll-ontvml n*mt I
Bsceptt S the Inst: e pagess off Appendin 0, the bafenes of” this derc-
vatiar i desate. to reducing Bp. (1.28) ta & relavively sinple aguaticn.
By ust.ag subtishille spprocimst ~ms. The resuibing espressiom far m,, too~
gathesr witih o more approximete: expression for n derived fm the text:,, was

ugedt tr cadoulinte the dielectiric constant off the nomTivesrr ceramixr.
To fvestigate the fooors mltiplnng dp tm . (3.28)),, one= oy diefhae

- d?n nﬁter(l-»mtﬁM was),

I#tuzl 11-|+a:1t

Attt anth subtnscting Gy o the righn-hend side of B (0.22) yarediis

2 - e - Il -
g ﬁ‘ut ((U*mu)XGl*tszzlml)/! ,
Thee trsnewissiaom cosfiffiahentt of the Innite coupler is close to undtyy,
andl e Iosses sufffwedl iy & weave in & single trsmerse Betusem the tee
reflectors {5 suellll., Hirthermore, tie indey of refiwction off (e dhelsc-
tnie is Higih. HBenoe,, tite Srdlowing asmmwpiions can e reddie:

1-tFen (= 3y
1-AF e« (m2z),
Ter. (@33

Bnustiom ((R.25) carr e nesaitter e

ag-r:g =1 - Wédh‘ﬂ ) (T )
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and using the assuaption of Eq. {L.32) gives

LT o3
‘ PN 2
With Eqs. (D.31) and (D.32), Eq. (D.27) becomes
B a1y (l M t:‘z)z 1-v, (.36)
1+d7
or
(- D)2t (B 1y s (0.57)

Using Eq. (D.34) in Eq. (D.37) yields
(of - ) =1 -ay) . (0.38)

Using Eq. (D.33) in Eq. (D.22) gives

mr=i-d (0.39)

Ir| =
or
2
-0 =2 (D.40)

Now with Egs. (D-Bl‘): (D~35): (D-36): (D.38); (D-39)) and (D-ho): Eq. (D~3°)
can be reduced to

D, = dl{l - (V;)/U){l - /2] - o)/ } (p.41)

1- (2 - w(’)do-r)[l FQ - - 2fa)]

Equation (D.41) can be further reduced by using Egs. (D.33) and (D.35)
and neglecting the term in *(')2 to give

W - ) ’L
D, ~d,<1 - — . (D.42)
L 1{ 2l - (/2]

The term 502 appears in the derinition of ¥ , Eq (D.20), and
should also be investigated. Equation (D.16) defines 902 as
2
2 2 2 2 2 (1 + o8 (02 - t)(1 - uata-rh
s, =0°-858"=¢ -1t 2)2= ( A . (D.bk3)

2
{1+t 1+ttt
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From Bq. (D.35) one cbtains

(®-tHr=-2 (1 a,
<

) (D.h4)
and from Egs. (D.34) and (D.36),
(1 - o%¢ 1"‘\ o yir(l + dy) (p.45)

vhere the term in 162 has been neglected. Rearranging Eq. (D.36) gives

22 22
(144;‘-2).‘1""“1*”'2, (D.46)
Vo‘
and
1-t%%=~- we . (D.47)

Substituting Eq. (D.47) into Eq. (D.46), using Egs. (D.34) ard (D.35),
and neglecting the term in 162 yields

1+ t 2 & - ( ) (D.48)
2 - (v'dO/a l

Substitucing Eqs. (D.44), (D.U45) and (D.48) into Eq. (D.43) gives

I2 1]
soz . ¥ [1 + ivodola)] Q- doa) . (D.49)

To first order, V, =~ 08, ; therefore, substituting Eq. (D.49) into
Eq. (D.20) yields

2.0

2
09 9. 5(L +6,d.)(1 +4a."}
w‘-:?ain—o 1+° oi 0

. (D.50)

The term (1 + 0212)/1' in Eq. (D.28) can be evaluated with bgs. (D.34)
and (D.35) es

1+0212 2-v‘d1

T ] (1/20)(2 - ¥ 01)

» 20 . (D.51)
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Substituting Bgs. (D.29) ard D.51) :nto Bq (2.2€) ylelds

- D
I e A (0.52)
Ao

where these terms are defined by Egs. (D.50), (D.42), (D.9), (D.15),
respectively,

98, "o 1+sa)(1+d )
ws:-_Zsin-—-' 1+ »
2 'Y

{ i - &)
PLEd 2anil - (volzo)]

2n8,
9 = —2

o

and
s (t2 + 72) .

Now 6, 1is smalland o is close to unity, hence, Eq. (D.50) can be

written as
2 2y
8 8,°(1 +0,.)(1 +4,%)
V'raosin—o\/;jo oi °, (0.53)
2

and Eq. (D.42) can be written as

‘4’
D, =4 [1 - -_-— Q- do)] (D.54)

<an

With Eqs. (D.53) sna (D.54), Eq. (D.52) can be finally writte. as

1/1-D
ns— » (D-5§)
Yo \Op = 8o/

vhere n = index of refraction,

\[ 90(1f9 )(1+d)
vo-—.'xsin'— »
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An expression for the loss tangent, tan 8 , of the dielectric vwill
now be obtained. The complex index of refracticn is defined as

n* = (1 - Jk) , (.56}

vhere k 1is the index of absorption. Vou Hiypullh gives tan & in

terms of k as
2k
=
which, for small k , reducea to
tan &~ 2k . (0.57)

When rationalized, the reflection coefficient of the dielectric reflector
‘becomes

-1 (e o1) - gem

T'= = . (D-53)
n*+1 (n+ 1)2 + n%ce "
With Eq. (D.57), the argument of T is
tan & tan &
arg I' = arctan B, (D.59)

n[l + (tan“s/4) n

Now when the aluminum steiicnary reflector is wsed snd when the inter-
ferometer 18 resonant (1.:. , L= Ln) , & wave undergoes s phase shift o2
2¢ when making & complete traverse of the interferometer from 4 to 3
and back to k, In Tig. D.1, or

el + $ = 2nn u=1,2,3,..., (p.60)

where $ 1s the phase shift suffered in the lucite coupler. However,
when the dielectric stationary reflector is use?, the wave undergoes
additional phase ohift when reflected at 3; hence the total phase sidfd
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is given by
261} + § +arg T = 2o n=1,23,..., (p.61)

where !."l 1s the resonant spacing with the dielectric reflector.
Subtracting Bq. (D.61) from Bq. (D.60) yields

284L - argI'=0 , (p.62)
where
A=y - L
Using Bq. (D.59), Bq. (D.62) becomes

tan & = 2 (22L) (0.63)

vhere g =2t/ ,
n = real part of the complex index of refraction.
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APPENDIX B
ASSEMBLY OF CAVITY USED TX% LARGE-SIGNAL MEASUREMENTS

An exploded-view photograph of the parts as they fit into the cavity
is shown in Fig. 30. A photograph of the assembled cavity holder is shown
in Fig. 29. In the description of the method of assembly, all letter
references are mde to Fig. 30.

Before assembly, all parts should be carefully cleaned. The coupling
loops should be inspected under a microscope to insure that the end of the
ingulation 1s free of all dirt which could provide an arc path. The d1-
electric post is cleaned with Versere as described on page 15 of Chapter II,
and then iaxspected under a microscope to make sure that the metal deposited
on the ends of the post is sti.l intact.

First the two gackets, shown in Fig. 27b, are put or the lower end
of the cavity, a , with high-temperaturs grease. They are rade from a
0.002" sheet of polyethylene and serve to stop the 81-"6 from bypessing
the cavity. The dielectric post is put on the end of the center conduc-
tor and the cavity lowered into the hole bored in the center of the holder.
The locking pirs, b , are then screwed in so that their ends fall snto
the flats miiled in the side of the cavity. This not only holds the cav-
ity in place but slso insures that the holes in the side of the cavity
are aligned with the holes in the locking ping through which the coaxial
lines with their coupling loops will be inserted. Next the berylliwm
copper disk, ¢ , is stuck to the end of a glass rod with a small amount
of rubber cement and lowered gently into place on top of the cavity with
care being taken not to dislodge the dielectric post. When the disk is
in place, the glass rod is moved sideways to frce 1t and reruved. The set
pin, 4, can now be screwed down until it forces the disk down onto the
cavity and also seals the gaskets on the lower end of the cavity., The
coexlal lines with the coupling loops, e , are then inserted through the
locking pins and cavity wall so that the plane of the loops ! vertlesl.
The tension pin, £ , is screwed intc tue set pin, 4 , but not far enough
to touch the disk, ¢ ., Finally the whole assembly ls cormected into a
transmission measurement setup and brought to operating temperature in
order to set the tension on the disk and maximize the coupling. The
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measurement setup differs from that of Fig, 2 only in that 3-baund instead
of X-band egvipment is used and that the 10 Gb output coupler is replaced
by a 10 4b pad between the 20 b coupler and the holder, The crystal that
measures the transmission is put direztly on the output of the cavity.
While watching the transmission trace on the oscilloscope, the tension
plu, f , is very slowly screwed down. When the resonence curve has
reached {ts waximum amplitude without shifting the resonant frequency,
the correct setting has been found, since the disk will now be making
good contact with the metalized end of the dielectric post. The coupling
1s then seximized by changing the orientation and depth of penetration of
the loops.
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APPEIOIX F
DETERMINATION OF FIELD CURVATURE IN CERAMIC SAMPLE

In Chapter IV the elect-ic field intensity ecross the ceramic sample
i3 assumed to be a constant. To estimate the validity of this assump-
tion, the wave equation can be solved for the region in the dielectric
where the cylindrical coordinate system is that of Mig. F.1.

2

FIG. F.l--Coordinate system for cylindrical post
of nonlinear dielectric.

Since the length of the sezple, 4 , is small compared to the free space
wavelength in the transmission line of the cavity, ihe electric field
can be assumed constant in the z-direction. Ilet Eo be the electric
field intensity at r = O, The wave equation is

Ve, - - kcalz . (r.1)

vhere V,rz is the Laplacian operator taken with respect to he
transverse cocrdinates,
kcz - 72 - k'é
7 = propagation constant in the z-direction
2 2
k = MOE i)
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There are nc variatious of Ez witn 3 . There 1s no propagation in
the z-direction, therefore y = 0 . Since ten 5 << 1 , the dielectric
constant can be assumed t0 be

e=€'=eok';

hence Eq. (F.1) in cylindrical cocriinates reduces to Bessel's equation,
which is

P, 1,
gt +opek'E =0, (F.2)
or rdr
Tor which the solution is
E, = EJ (o igeKT 1) . (r.3)

Equation (F.3) cen now be evaluated at r=a and r = (2/3)a . At
r=a, Ez is

Ez = 0,967 EO N
and at r = (2/3)a , it is

E, = 09858 ;

uence & negligible ervor (i.e., less than 24) is introduced by assuming
Ez to be a constant from r=0 to r=a
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